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Abstract

Plant cell walls are the most abundant source of renewable biomass on Earth. Cell wall
carbohydrates have many practical applications (e.g., forage, building materials, biofuels,
textiles, paper, etc.), and within plants they contribute to structure, provide defense, and
facilitate cellular communication. This study is focused on the CELLULOSE SYNTHASELIKE A (CSLA) family, members of which have been implicated in the synthesis of the
backbone of mannan polysaccharides in plant cell walls. The Arabidopsis genome contains
nine CSLA genes and we hypothesize that there is some degree of functional redundancy
among these genes. A detailed investigation of transgenic Arabidopsis plants harboring
promoter-GUS fusions at various phases of growth and development was conducted to
examine the expression patterns of all nine CSLA genes. The expression patterns observed
were largely overlapping, supporting the functional redundancy hypothesis. Some unique
exceptions were also documented, providing insights into possible focal regions for future
mutational studies.
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Introduction
Plant cell walls are the most abundant source of renewable biomass on Earth (Pauly
and Keegstra, 2008). Cell wall carbohydrates are used for many practical applications (e.g.,
food, building materials, biofuels, textiles, paper, etc.) (Pauly and Keegstra, 2008). Plant cell
walls play diverse and vital roles in plants by contributing to structure, providing defense,
and facilitating cellular communication (Carpita and Gibeaut, 1993).

The Cell Wall Composite
Cell Wall Structure
Cell walls consist primarily of carbohydrates, including cellulose, pectins, and
hemicelluloses. Cellulose is the most abundant natural polymer on Earth and is one of the
main constituents of plant cell walls (Richmond and Somerville, 2000). The cell wall
composite consists of a network of microfibrils embedded in a diverse matrix (Cosgrove,
2005). Cellulose forms the framework; hemicelluloses link the cellulose microfibrils
together (Hardin et al., 2012; Fig. 1) and form cross-links, creating tensile strength within the
wall (Cosgrove, 2005). Pectins are the most complex carbohydrates in the cell wall and are
the primary components of the middle lamella, which connects plant cells together (Marry et
al., 2006).

1

Figure 1. Model of the plant cell wall carbohydrate network. This model highlights the cross-linkages
that occur between cellulose microfibrils and hemicelluloses. Diagram from Taiz and Zeiger, 2002.

Cell Wall Biosynthesis
Cell wall synthesis occurs in two phases: primary cell wall growth and secondary
wall growth. Primary cell wall growth occurs while the cells are still growing and
expanding. Secondary cell wall growth occurs inside of the primary wall after cell growth
has ceased and can form many internal layers (Raven et al., 1999). Not all plant cells have
secondary cell walls, and when plants are grown in the dark, deposition of secondary cell
walls is inhibited (Vandenbussche et al., 2005).
The biosynthesis of plant cell walls is an area of scientific research that has been
heavily studied, but the complexity and dynamic structure of the walls yields a vast realm of
unexplored and/or poorly understood elements in the processes of cell wall synthesis. The
field of functional genomics has revolutionized this area of inquiry by facilitating the
discovery of relationships between candidate genes and their products. With the complete
2

sequencing of the Arabidopsis genome, tremendous progress has been made using functional
genomics to illustrate the genetics of cell wall biosynthesis during the last decade (Liepman
et al., 2010). Subsequent genome sequencing of other plants such as rice has also been an
asset to investigating cell wall biosynthesis (Fincher, 2009). The knowledge gained from
functional genomics strategies has allowed inferences to be made about the function(s) of
unknown sequences based on similarity to those of known function. There are hundreds of
potential candidate genes for encoding enzymes associated with carbohydrate synthesis in
any particular plant genome (www.cazy.org; release of June 2011), many of which remain
uncharacterized.
Carbohydrate synthesis occurs at multiple locations within cells, and different
carbohydrates are produced by different enzymes. For example, cellulose production occurs
in the plasma membrane via cellulose synthases in terminal (rosette) complexes (Lerouxel et
al., 2006). Hemicelluloses, such as xylans, mannans, xyloglucans, and mixed-linkageglucans are produced in the Golgi apparatus, where glycan synthases (enzymes that
polymerize hemicellulose backbones) and glycosyltransferases (enzymes that polymerize the
addition of polysaccharide side-chains) assemble polysaccharides using nucleotide sugars as
substrates (Sandhu et al., 2009).

Mannan Polysaccharides of the Plant Cell Wall
Mannans are a class of hemicellulosic polysaccharides that are found in four different
generalized structures (Fig. 2). These carbohydrates have known functions as storage
polysaccharides and as structural elements (Table 1; Schroder et al., 2009). Pure mannan is a
chain of mannose residues connected by 1,4-β linkages, which are assembled by mannan
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synthase enzymes (Tizard et al., 1989). The backbone of glucomannan is composed of 1,4-linked glucose and mannose residues and requires a glucomannan synthase for assembly
(Obembe et al., 2006). Glucomannan is very abundant in gymnosperms (Liepman et al.,
2007). Galactomannan is composed of a 1,4-β-linked mannan backbone with 1,6-α-linked
galactosyl side-chains, the ratio and distribution of which varies amongst different plant
species (Edwards et al., 2004). The variability in mannan distribution of glucomannan,
galactomannan, and galactoglucomannan could have implications that affect cell wall
characteristics (Whitney et al., 1998). For example, studies have found that different types of
mannan composition vary in hydrogen bonding, solubility, and permeability of the structures
(Chandrasekaran et al., 1997). Galactoglucomannan has the same galactosyl side-chain
linkages as galactomannan but has a glucomannan backbone. In addition to either mannan
synthase or glucomannan synthase activity, both galactomannan and galactoglucomannan
require a galactomannan galactosyltransferase (GMGT) to incorporate galactosyl side-chains
(Edwards et al., 1999).
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Figure 2. Four representative chemical structures of mannan polysaccharides. 1,4 β-linkage connects
the backbone of the hemicelluloses and 1,6 α-linkage connects the galactose side-chains (where
applicable).

Table 1. Backbone characteristics and functions of the four different chemical structures of mannan
polysaccharides (table from Schroder et al., 2009)
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The CSLA Subfamily
Through genomic analysis, a large superfamily of genes known as CELLULOSE
SYNTHASE-LIKE (CSL) genes, sharing sequence similarity with the CELLULOSE
SYNTHASE (CESA) genes, has been identified. Nine CSL subfamilies have been identified
and designated as CSLA/B/C/D/E/F/G/H/J (Farrokhi et al., 2006). The CSL subfamilies have
been hypothesized to encode enzymes involved in the synthesis of many different
polysaccharide backbone chains (Fig. 3). Of the CSL subfamilies, members of the CSLA and
CSLD subfamilies have been implicated in mannan synthesis (Liepman et al., 2005; Yin et
al., 2011). In the CSLD subfamily, recent conflicting studies have implicated CSLD2, -3 and
-5 members mannan synthesis (Yin et al., 2011) and interestingly another study implicated
CSLD3 as a cellulose synthase (Park et al., 2011).
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Figure 3. Phylogenetic tree of CESA and CSL families and corresponding enzymatic functions.
Subfamilies that have designated enzymatic function in some members are listed below the subfamily
and circled subfamilies have yet to have any enzymatic function identified (Image modified from
Fincher, 2009).

My research is focused on the CSLA subfamily, members of which have been
implicated in the synthesis of the backbone of mannan polysaccharides (Dhugga et al., 2004;
Liepman et al., 2005; Suzuki et al., 2006; Liepman et al., 2007; Gille et al., 2011). Major
advancements have been made in characterizing the CSLA proteins and their involvement in
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the synthesis of mannans using biochemical analyses (Liepman et al., 2010). Several studies
that have aided in understanding the biochemical functions of mannans are listed in Table 2.

Table 2. CSLA proteins that have been biochemically characterized as mannan synthases

Organism

Common
Name

Cyamopsis
tetragonoloba
Amorphophallus
konjac
Populus
trichocarpa

Guar

Oryza sativa
Physcomitrella
patens
Pinus taeda
Arabidopsis
thaliana

Voodoo
Lily
Poplar

Rice
Moss
Loblolly
Pine
Thale Cress

Gene (GenBank ID)

Arabidopsis
Greatest %
Sequence
Similarity

Study

ManS (AY372247.1)

AtCSLA9

Dhugga et al., 2004

AkCSLA3 (JF727269.1)

AtCSLA3

Gille et al., 2011

PtCSLA1
(POPTR_0008s02650)
PtCSLA3
(POPTR_0006s11810)
OsCSLA1 (DAA01743.1)
PpCSLA1 (DQ417756)
PpCSLA2 (DQ417757)
PtaCSLA1 (DQ641986)

AtCSLA9

Suzuki et al., 2006

AtCSLA2
AtCSLA9
AtCSLA2
AtCSLA9

Liepman et al., 2007
Liepman et al., 2007

AtCSLA1 (NM_117760.4)
AtCSLA2 (NM_122180.2)
AtCSLA7 (NM_129120)
AtCSLA9 (NM_120457.3)

N/A

Liepman et al., 2005,
Liepman et al., 2007

Liepman et al., 2007

Molecular Analysis Studies of CSLA genes
Mannan Synthases Involved in Storage Polysaccharide Synthesis
In some plants, mannans accumulate to high levels in developing seeds, where they
serve as storage polysaccharides (Reid and Edwards, 1995), and some of these plants have
been used as model systems for investigating mannan synthesis. A CSLA gene encoding the
enzyme mannan synthase (ManS), the enzyme that synthesizes the 1,4--linked backbone of
mannans, was identified in guar (Cyamopsis tetragonoloba) seeds by using transcriptional
profiling during a stage of seed development when mannan deposition is very active. This
candidate gene (CtManS) was heterologously expressed in soybean somatic embryos, and
mannan synthase activity was detected as a result of the introduction of CtManS. The
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determination made by Dhugga et al. (2004) that this guar CSLA sequence was responsible
for mannan synthesis was the first compelling link of a CSL protein to carbohydrate
backbone synthesis. Sequence and phylogenetic analysis demonstrated that CtManS was
related to members of the rice and Arabidopsis CSLA subfamily, with Arabidopsis CSLA9
being the most closely related (Dhugga et al., 2004). Another study investigated CSLA
expression in coffee seed (Coffea canephora) and identified mannan synthases with sequence
similarity to CtManS (Pré et al., 2008).
The voodoo lily (Amorphophallus konjac) corm (an underground stem that provides
storage) is rich in glucomannan; roughly half of mature corm dry-mass is glucomannan (Li et
al., 2005). Using a cDNA deep sequencing (ultra-high throughput) approach, a CSLA gene
(AkCSLA3) highly expressed in the corm during active glucomannan production was
identified. This sequence shares strong sequence similarity to Arabidopsis CSLA3. The
AkCSLA3 protein was heterologously expressed in the yeast Pichia pastoris. Enzyme
activity assays of the microsomal fraction of yeast cells expressing the recombinant
AkCSLA3 protein indicated that this protein is a glucomannan synthase (Gille et al., 2011).

Heterologous Expression of CSLA Family Members in Drosophila
In Drosophila S2 cells, Arabidopsis CSLA1, -2, -7 and -9 were expressed
heterologously. The microsomal membrane fractions were isolated, and enzyme activity
assays were conducted using a variety of radiolabeled nucleotide sugar donors. The enzymes
assayed incorporated GDP-mannose into 1,4-beta-linked mannan polymers, revealing that
each of the CSLA genes investigated encodes mannan synthase (Liepman et al., 2005). It was
also demonstrated in the study that CSLA2 and CSLA9 were capable of incorporating GDP-
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glucose to produce glucomannan. This result indicated that glucomannan can be synthesized
by a single enzyme and does not require the cooperative activity of multiple enzymes (e.g.,
mannan synthase and glucan synthase). Low levels of recombinant protein expression of the
AtCSLA7 protein did not allow for the same determination (although this did not rule out the
possibility of its involvement in glucomannan synthesis). In addition to Arabidopsis,
numerous CSLA proteins from a variety of plant species have been shown to be mannan
synthases. Poplar (Populus trichocarpa) CSLA genes (PtCSLA) were also investigated using
heterologous expression. Of the five known CSLA sequences in poplar, the PtCSLA1 and
PtCSLA3 genes are the most similar to Arabidopsis CSLA9 and were both demonstrated to
encode enzymes with mannan synthase activity (Suzuki et al., 2006). Rice (Oryza sativa)
OsCSLA1, moss (Physcomitrella patens) PpCSLA1 and PpCSLA2, and loblolly pine (Pinus
taeda) PtaCSLA1 were all found to have mannan synthase activity in a study conducted by
Liepman et al. (2007).

Arabidopsis CSLA Genes
It is not known why so many CSLA genes are present in Arabidopsis. While mannans
are not particularly abundant in Arabidopsis (Liepman et al., 2007), the Arabidopsis genome
(Fig. 4) contains nine CSLA genes (Richmond and Somerville, 2000). Possible reasons for
this apparent paradox may be that all of the CSLA genes encode mannan synthases, and these
genes are expressed at different times and in different locations throughout growth and
development. Another possibility is that there could be some degree of functional overlap. It
is also possible that some CSLA genes encode enzymes involved in the synthesis of other
carbohydrate backbones (Dhugga et al., 2004).
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Figure 4. Diagram of the five chromosomes of Arabidopsis thaliana noting the locations of the nine
CSLA genes. Diagram created by Aaron H. Liepman using the Arabidopsis Information Resource
(TAIR) Chromosome Map tool.

Microarray Expression Profiling of Arabidopsis CSLA Genes
Microarray expression profiling is a useful tool for making inferences about the
potential functions of genes by identifying transcript abundance associated with the genes of
interest in a specific organ or tissue. As an effort to understand the functions of Arabidopsis
CSL genes, Hamann et al. (2004) conducted microarray expression profiling on all the
Arabidopsis CSL genes in numerous tissues. This study revealed that all of the Arabidopsis
CSLA transcripts were expressed (some at low levels) in young leaves and that expression of
these genes decreased significantly in older leaves. They also detected expression of all nine
CSLA genes in flowers, high expression of CSLA2 in roots, CSLA9 in stems, and CSLA2, 3, 7
11

and 9 in seedlings. In another study, microarray expression profiling was used to study the
expression patterns of all Arabidopsis CSLA genes in vegetative and reproductive tissues
(Fig. 5). Eight of the Arabidopsis CSLA genes were observed in at least one of the tissues
examined, and these genes exhibited both distinct and somewhat overlapping expression
patterns. The highest expression levels were detected in the stems, flowers, and siliques.
CSLA2 expression was highest in the hypocotyls, CSLA9 was highest in the stems, and both
CSLA2 and CSLA9 were highly expressed in pollen. This study also used carbohydrate
microarray polymer profiling (CoMPP) analysis to investigate the glycan content in the
tissues where CSLA gene expression was detected and revealed that mannans were present in
these tissues (Liepman et al., 2007). Although these microarray experiments provide clues
about where and when CSLA genes are expressed in various tissues, because whole tissues
typically are homogenized for microarray studies, it is not possible to identify specific cells
where the genes are expressed because spatial information is lost.

Figure 5. Arabidopsis CSLA microarray expression profiles in (A) vegetative tissues and (B)
reproductive tissues (figure from Liepman et al., 2007).
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Mutational Investigations of CSLA Genes
Mutational strategies are powerful tools with which to investigate the impact of gene
disruption on an organism. The resultant phenotype of an organism with an alteration in
gene function can provide clues about the function of the encoded protein of interest.
Mutational genetic strategies also have been employed as a complementary strategy to
biochemical approaches to investigate the phenotypic impacts of mutating individual CSLA
genes (Table 3). These efforts have yielded some interesting and unexpected results and, in
some cases, these experiments have challenged prevailing hypotheses about mannan
functions. Mannans have often been presumed to function as a storage polysaccharide and in
auxiliary structural support (Schroder et al., 2009). Studies that have examined the impacts
of specific CSLA mutations have been making strides in developing a more precise definition
of the roles of mannans in plants by highlighting previously unexplored roles (Goubet et al.,
2009).
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Table 3. Studies of Arabidopsis csla mutants

Gene(s)

Stock Identifier

Phenotype

Type of
Mutation

Reference

AtCSLA1

SAIL_158_E08

Normal

T-DNA

AtCSLA2

SALK_065083
SALK_055856
SALK_061823
SALK_046259
SALK_015497
SALK_087535

Normal

T-DNA

decrease in phase II xylem

T-DNA

Normal

T-DNA

Goubet et al.,
2009
Goubet et al.,
2009
Ubeda-Tomas et
al., 2007
Goubet et al.,
2009

embryo lethal, abnormal pollen
tube growth
decrease in lateral root
formation, increase resistance to
root-mediated Agrobacterium
transformation
~81% reduction of glucomannan
in mutant inflorescence stems
compared to wild-type
Normal

transposon

Normal

T-DNA

Normal

T-DNA

AtCSLA2
AtCSLA3
AtCSLA7

SGT4425

AtCSLA9

rat4

AtCSLA9

SALK_071916
SALK_111096

AtCSLA10

AtCSLA14

SALK_023438
SAIL_146_G02
SALK_065682
SAIL_681_B07
GABI-Kat 739Ho9

AtCSLA15

SALK_106966

Normal

T-DNA

AtCSLA2/3

SALK_061823
SALK_087535
SALK_055856
SALK_111096
SALK_087535
SALK_071916
SALK_061823
SALK_087535
SALK_071916

Normal

T-DNA

trace levels of mannose
inflorescence stems
trace levels of mannose
inflorescence stems
glucomannan no longer
detectable in stems

T-DNA

AtCSLA11

AtCSLA2/9
AtCSLA3/9
AtCSLA2/3/9

T-DNA

Goubet et al.,
2003
Zhu et al., 2003

T-DNA

Goubet et al.,
2009

T-DNA

Goubet et al.,
2009
Goubet et al.,
2009
Goubet et al.,
2009
Goubet et al.,
2009
Goubet et al.,
2009
Goubet et al.,
2009
Goubet et al.,
2009
Goubet et al.,
2009

T-DNA
T-DNA

AtCSLA7
Goubet et al. (2003) found that the complete disruption of CSLA7 is embryo lethal
(Fig. 6). Using hemizygous disruption of CSLA7, the authors found that CSLA7 is required
for endosperm proliferation and pollen tube growth. It was later established that CSLA7 is a
mannan synthase (Liepman et al., 2005), implicating mannans as an important constituent
during embryogenesis and pollen tube growth.
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Figure 6. A comparison of wild-type and csla7 mutant embryonic development. A-D, typical
embryo developmental phases in wild-type Arabidopsis thaliana. E-H, the same developmental
phases in the csla7 mutant. A and E, dermatogen stage. B and F, early globular stage. C and G, late
globular stage. D and H, late heart stage (figure from Goubet et al., 2003).

AtCSLA9
In another study, the rat4 (resistant to Agrobacterium transformation) mutant,
containing a disruption of the CSLA9 gene, was investigated. The results revealed that these
mutants displayed an ~50% decrease in the development of lateral roots compared to wildtype plants (Fig. 7), indicating that CSLA9 plays a role in lateral root development. When the
rat4 mutants were subjected to Agrobacterium-mediated root transformation, the mutants
were more resistant to transformation than wild-type Arabidopsis (Zhu et al., 2003).
Interestingly, lateral root primordia are the most significant area of susceptibility for
Agrobacterium transformation (Yi et al., 2002). The researchers also investigated CSLA9
expression using a GUS reporter gene and observed distinct expression in the lateral roots
(Zhu et al., 2003). It was later established that CSLA9 is a mannan synthase (Liepman et al.,
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2005), implicating mannans as an important constituent in lateral root development and
possibly in Agrobacterium transformation of roots.

Figure 7. Comparison of wild-type (Ws-2) and csla9 mutant (rat4) seedlings. A, Quantitative
comparison of observed lateral roots. B, visual comparison of the seedlings (figure from Zhu et al.,
2003).

AtCSLA2
Studies of Arabidopsis csla2 mutant plants indicated that CSLA2 disruption results in
a decrease in phase II xylem (systematic light-induced secondary growth) of the hypocotyl
(Ubeda-Tomas et al., 2007). These samples were radially sectioned, and a reduction of
lignified xylem was observed in comparison to the wild-type (Fig. 8). These findings
provide an interesting parallel to the microarray analysis by Liepman et al. (2007) that found
the most abundant levels of CSLA2 transcripts in the hypocotyls and roots.
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Figure 8. Phase II Xylem abundance in csla2 mutants. A, cross-section of a wild-type Arabidopsis
thaliana hypocotyl where alterations in light conditions induced thickening of xylem and two phases
of xylary growth are documented. B, comparison between wild-type and mutant phenotypes of Phase
I xylem abundance. C, comparison of wild-type and mutant phenotypes of Phase II xylem, a decrease
is observed in the csla2 mutants (figure modified from Ubeda-Tomas et al., 2007).

Mutational Trends in the Entire Arabidopsis CSLA Family
In another recent study, mutants in all of the CSLA genes were individually analyzed
under typical soil growth conditions for Arabidopsis (Goubet et al., 2009). With the
exception of csla7, no obvious phenotypic differences were observed among mutants when
compared to the wild-type. Despite the fact that none of the csla mutants exhibited obvious
phenotypic abnormalities, csla9 mutants displayed an 81% reduction of glucomannan content
in inflorescence stems when compared to the wild-type samples. This was measured using
carbohydrate immunofluorescence microscopy and PACE (polysaccharide analysis by
carbohydrate gel electrophoresis). A triple mutant of csla2/3/9 was also generated, and in this
mutant there also were no obvious phenotypic changes; however using immunofluorescence
and PACE, glucomannans were no longer detectable in stems (Fig. 9). These results indicate
17

that these three CSLA genes are responsible for the synthesis of most of the glucomannan
content of Arabidopsis stems. The researchers also observed that overexpression of the
CSLA9 protein altered embryo development, and the overexpression yielded multiple
developmental phases within a silique. This is consistent with previous studies indicating
that there is some involvement of mannans in embryogenesis (Goubet et al., 2003) and
suggests that development is sensitive to altered levels of mannan. These researchers also
demonstrated that CSLA9 can complement the embryo lethality of the csla7 mutant (Goubet
et al., 2009), further supporting the importance of mannans in embryogenesis and suggesting
that CSLA9 is capable of producing the same carbohydrates as CSLA7.
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Figure 9. Carbohydrate staining and immunofluorescence microscopy analysis of csla2/3, csla9,
csla3/9, csla2/9 and csla2/3/9 mutants. The fluorescence observed from Calcofluor white dye
indicates the presence of cellulose. The mannans and xylans are marked with antibody probes.
(figure from Goubet et al., 2009).
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Present Study
It has been demonstrated that some members of the CSLA family are mannan
synthases. Mutational studies have also revealed some interesting, but mostly subtle
alterations in the phenotypes, where most csla single mutants have no documented
phenotype. Carbohydrate microarray studies reveal that mannans are present in low
abundance in many organs of Arabidopsis. The observations of mutant phenotypes and
microarray analysis do not explain why so many CSLA genes are present in the Arabidopsis
genome. In this study, we used two complementary specific aims to further investigate the
functions of all nine CSLA genes in Arabidopsis thaliana:

Specific Aim #1: The objective of this aim was to characterize the expression patterns of
CSLA genes in Arabidopsis plants by using promoter fusions with the GUS-reporter gene and
to create a detailed database of CSLA expression.

Specific Aim #2: The objective of this aim was to investigate the deposition patterns of
mannans in wild-type stems using mannan-specific antibodies and fluorescence microscopy
to identify cells and tissues where mannans are present. Mannan patterns in wild-type plants
will be compared to the patterns in CSLA mutant plants.
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I. Investigating the Expression Patterns of the Arabidopsis CSLA Family
Promoter-fusion analysis is a powerful tool for studying gene expression patterns
(Fig. 10). Transgenic plants harboring a β-glucuronidase (GUS) reporter gene fusion driven
by a promoter sequence (a control element that determines gene expression patterns) of a
gene of interest can be created using standard recombinant DNA techniques. The GUS
reporter gene encodes a β-glucuronidase protein that converts a colorless substrate called 5bromo-4-chloro-3-indolyl glucuronide (X-Gluc) into an insoluble, visible indigo product
(Jefferson et al., 1987, Fig. 10C).
Treatment of CSLA promoter-GUS fusion plants with X-Gluc allows visualization of
the gene expression patterns of each CSLA gene throughout the plant life cycle, since cells
with CSLA gene expression will display the indigo precipitate where the corresponding
promoter-GUS fusion is expressed. This provides advantages over other analytical
approaches (including microarrays) where tissue samples are homogenized, resulting in loss
of cellular resolution.
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Figure 10. Conceptual diagram of promoter-GUS fusion. A, the promoter controls the expression
pattern of the gene of interest in the cells of the root cortex and using the same promoter. B, the
expression of the GUS gene is driven in the same root cortical cells (Images modified from
Nature.com by Aaron H. Liepman). C, The dimerization reaction that occurs when β-glucuronidase
hydrolyzes glucuronic acid from X-Gluc. (Figure C modified from Jefferson et al., 1987 by Torey
Arnold).
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Relative to other techniques to study gene expression, there are advantages and
disadvantages of the GUS reporter gene system, and this technique must be used strategically
and cautiously. A key advantage of the GUS reporter system is its sensitivity; it can be used
to detect gene expression at the level of a single cell. However, a disadvantage of this
approach is that the half-life of the GUS reporter transcript can differ from the corresponding
transcript studied. The activity of the GUS protein also may have a different duration than the
protein being investigated, and there is a possibility of the reporter products diffusing from
the cell (Taylor, 1997).
A collection of transgenic plants harboring β-glucuronidase (GUS) reporter gene
fusions driven by promoter sequences of each CSLA gene has been generated in the Liepman
Laboratory. Several previous researchers were responsible for the construction of
recombinant DNA molecules (Fig. 11) for the nine CSLA genes and most of the initial
transformations to create the transgenic plants.
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Figure 11. pCAMBIA1305.1 + AtCSLA9 Promoter vector exemplifying the generalized construction
of all of the CSLA promoter-GUS fusions. The vector map features the positioning of the AtCSLA9
promoter relative to the GUS gene (β-glucuronidase encoding gene) and the T-DNA right and left
border sequences, which serve as flanking sequences for the portion of the construct that typically is
integrated into the plant genome.

Agrobacterium tumefaciens has the ability to integrate its DNA into the host genome
and was used to transform Arabidopsis thaliana with promoter-GUS fusions. Seeds collected
from these plants were screened on Hygromycin selective media, and PCR was used to verify
transgenic CSLA-GUS lines.

Hypothesis
The objective of this study is to identify the organs, tissues, and cells where each
AtCSLA gene is expressed. Because some of the CSLA proteins have been characterized as
mannan synthases, it is expected that detection of the reporter gene will occur in tissues
where mannans are present when cell wall synthesis is occurring. We hypothesized that the
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AtCSLA genes have both distinct and redundant expression patterns that relate to their
function in cell wall carbohydrate synthesis. The basis for this hypothesis is the combination
of the large number of CSLA genes in the Arabidopsis genome, the lack of major alterations
in most of the csla single mutant phenotypes (Goubet et al., 2009), and the expression
patterns of CSLA genes observed in microarray studies (Hamann et al., 2004, Liepman et al.,
2007). A detailed investigation of transgenic Arabidopsis plants harboring promoter-GUS
fusions at various phases of growth and development will be presented. These phases
include developing and mature embryos, 1-7 day old light-grown seedlings and 1-5 day old
dark-grown seedlings, and diverse tissues from 2-, 4-, and 7-week old plants.

II. Immunolocalization of Mannan Carbohydrates in AtCSLA Mutants
A powerful analytical tool in the exploration of cell wall carbohydrates is the use of
antibodies specific to various cell wall components. Over 100 antibodies that recognize
various plant cell wall carbohydrates are available (Pattathil et al., 2010). For example, the
LM21 antibody has the capability to detect both the gluco- and galactomannan variants of
mannan polymers by binding to the mannan main chain of these carbohydrates (Lee et al.,
2011). Despite the availability of many carbohydrate antibodies, the complexity of the cell
wall matrix has created obstacles in accessing the carbohydrates with specificity by masking
these moieties. This phenomenon can likely be attributed to other cell wall carbohydrates in
the whole mounts limiting antibody access to target carbohydrates, as well as modifications
to the carbohydrates that interfere with antibody binding (Handford et al., 2003).
Further exploration of mannan content in whole cells of Arabidopsis has been
enhanced with alkali pretreatment of the sectioned tissue, but this treatment also led to partial
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cell wall solubilization, which limited antibody labeling (Handford et al., 2003). Recently,
new studies have demonstrated that pectins mask the epitopes of mannan polysaccharides in
some cell walls. Treatment of intact cell wall sections with pectin degrading enzymes
resulted in the unmasking of mannan epitopes, allowing enhanced access for mannan-specific
antibodies (Marcus et al., 2010).
To explore csla mutant phenotypes in the Liepman Laboratory using optimized
immunolocalization procedures, knockout mutant plants corresponding to each CSLA gene
were obtained (Goubet et al., 2009). PCR screening was used to confirm the disruption of
the CSLA gene of interest. Samples were prepared for sectioning using the protocol outlined
by McCartney et al. (2003). Immunolabeling of the sections involved treating the sections
with pectate lyase (to degrade pectin cell wall components and allow more access to cell wall
mannans), treatment with a primary mannan specific antibody and treatment with a
fluorescently conjugated secondary antibody.

Hypothesis
Mannan deposition patterning and abundance can be detected in Arabidopsis thaliana
using immunolocalization strategies (Goubet et al., 2009, Marcus et al., 2010). This study
aims to use the optimized pectate lyase pretreatment to characterize mannan deposition and
abundance in the stems of wild-type and mutant Arabidopsis thaliana. It is hypothesized that
there will be subtle alterations in mannan deposition and abundance in the mutants when
compared to the wild-type and that the approach will be suitable for future detailed
investigations.
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Materials and Methods
I. Investigating the Expression Patterns of Arabidopsis CSLA Family

Generation of AtCSLA Promoter-GUS Fusions
Previous Liepman Laboratory researchers obtained genomic DNA from Arabidopsis
thaliana Columbia ecotype and used PCR to amplify the specific CSLA promoter sequences
of interest (Table 4). Primer details for the amplification of the promoter regions are detailed
in Appendix B. TOPO-cloning was used to insert the promoter sequence into the pENTR-DTOPO vector (Invitrogen Corporation). The insert was fully sequenced to verify the absence
of any PCR-induced mutations. Restriction digestion and ligation were used to transfer
CSLA promoter regions from the pENTR vector into the pCAMBIA1305.1 vector to generate
promoter-GUS fusions. Additionally, the pCAMBIA1305.1 vector contains Kanamycin and
Hygromycin resistance markers. Agrobacterium tumefaciens was transformed with the
pCAMBIA1305.1-AtCSLA vector and stored as glycerol stocks by these researchers.

Table 4. CSLA promoter sequence sizes and identifiers used in the generation of promoter-GUS
fusions

Arabidopsis CSLA
Gene
AtCSLA1
AtCSLA2
AtCSLA3
AtCSLA7
AtCSLA9
AtCSLA10
AtCSLA11
AtCSLA14
AtCSLA15

Length of Promoter
Sequence (bps)
1567
1700
1798
1435
2421
1130
2562
1479
1237

AGI Locus Identifier
AT4G16590
AT5G22740
AT1G23480
AT2G35650
AT5G03760
AT1G24070
AT5G16190
AT3G56000
AT4G13410
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Agrobacterium Transformation of Arabidopsis thaliana
A single scrape from the glycerol stock of each Agrobacterium line containing CSLA
promoter-GUS constructs in the pCAMBIA1305.1 vector was used to inoculate 10 ml of ½
salt LB media (Appendix A) containing 30 µg/ml Rifampicin and 50 µg/ml Kanamycin. The
inoculated culture was grown at 28°C with shaking at 200 RPM for 16 hours. A 300 ml
volume of ½ salt LB media containing 30 µg/ml Rifampicin and 50 µg/ml Kanamycin was
inoculated with 300 µl of the overnight culture. This was grown at 28°C with shaking at 200
RPM for approximately 16 hours until an OD600 between 0.8 and 1.0 was obtained. Cells
were collected using centrifugation at room temperature at 6,800 x g (Sorvall RC 5B Plus –
SLA 3000 rotor) for 10 minutes. MgCl2 was added for a final concentration of 10mM to 300
ml of 5% sucrose and used to resuspend the cell pellet by shaking at 200 RPM at 28°C until
resuspension was complete. Silwet L-77 surfactant (Lehle Seeds) was added to the mixture
for a final concentration of 0.05%. The flowers of wild-type Arabidopsis thaliana of the
Columbia ecotype in the early flowering stage of development were dipped in the
Agrobacterium mixture until floral organs had been thoroughly covered, incubated at 22°C
under plastic wrap for 24 hours, and grown at 22°C with 16 hours of light for one week.
After seven days, the dipping process was repeated with fresh cultures and newly developed
flowers of the same plant. Plants were grown at 22°C with 16 hours of light until seeds were
ready for harvesting (when the plants were approximately 10 weeks old).
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Selective Media and PCR Screening of GUS-promoter Fusions
Seeds collected from the dipped plants were screened on Murashige and Skoog (MS)
media (Appendix A) containing 50µg/ml Hygromycin and grown under continuous light.
The surviving plants were transplanted onto soil at two weeks and grown under 16-hour light
conditions. Leaves of the plants were pressed onto FTA cards (for details, see
http://www.whatman.com) and screened using PCR. The amplification conditions were
denaturation at 94C for 2 minutes, then 30 cycles of the following: denaturation at 94C for
30 seconds, annealing at 52C for 30 seconds, and extension at 72C for 2 minutes, followed
by a final extension at 72C for 10 minutes. The PCR products were analyzed by gel
electrophoresis on a 0.7% agarose gel. Primer sequences used for these analyses are detailed
in Appendix C. Seeds were harvested from PCR-positive transgenic plants, and 48 seeds
were gridded on MS media plates containing 50 µg/ml Hygromycin and grown under
continuous light. Survival rates were calculated to make inferences about the zygosity of the
parent plant (Fig. 12). The six healthiest surviving plants were transplanted to soil, and the
gridding process was repeated with the seeds of the next generation. The seeds collected
from the plants with survival rates greater than 95% were used for the GUS assay analysis.
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Figure 12. Hygromycin selection of CSLA promoter-GUS fusions. A, Example of a plant that did not
survive the selection process. B, One of the several plants surviving on the plate and likely harboring
a CSLA promoter-GUS fusion due to this ability to survive selection with Hygromycin.

GUS Staining Assay
The GUS assay was performed according to the protocol of Jefferson et al. (1987) on
1-7-day-old light-grown seedlings (an assay was conducted for each day), 1-5-day-old darkgrown seedlings (an assay was conducted for each day), and 2-, 4-, and 7-week-old plants.
Tissues were incubated for 20 minutes at 25° C in 90% acetone, washed in assay buffer
(Appendix A), and vacuum infiltrated on ice for 20 minutes in GUS assay buffer (Appendix
A). The samples were incubated at 37°C for various periods of time (Appendix D) based on
tissue size and staining intensity. Samples were cleared for 30 minutes each in a series of
ethanol washes (20%, 35% and 50%) and fixed in FAA (Appendix A) for 30 minutes, then
stored in 70% ethanol.
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GUS Assay on Mature Embryos and Developing Seeds
To ease the removal of the seed coat, mature embryos were submerged in sterile
water and incubated overnight in the dark at 4°C. The seed coats were removed with
dissecting needles, the imbibed embryos were placed in 90% acetone at 4°C, and the GUS
assay was conducted as previously described. To examine the expression of AtCSLA7 and
AtCSLA9 in developing embryos, siliques of promoter-GUS AtCSLA7 and AtCSLA9
transgenic plants at various developmental phases on a single plant were cut both above the
gynophore and below the style and slit longitudinally along the replum. The dissected
siliques were incubated at 25°C in 90% acetone for 20 minutes. Samples were vacuum
infiltrated on ice for 20 minutes in GUS assay buffer. The samples were incubated at 37°C
for 18 hours and incubated in 1:1 ethanol-acetic acid at 25°C for three hours. Samples were
cleared for 16 hours in Hoyer’s medium (Liu and Meinke, 1998; Appendix A). Samples
were dissected in 80% glycerol, 0.5% sodium azide.
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Identifying a Representative Staining Pattern through Reproducible Staining of Individual
Integration Events
To assure that the promoter-GUS fusion expression observations were representative
of the corresponding CSLA gene construct, several integration events were explored for each
promoter-fusion. This is essential because the integration of genetic material into plant
chromosomes from Agrobacterium is not targeted and can result in staining artifacts. Seeds
from at least five events for each CSLA gene were sown on MS media, incubated for 2 days
at 4°C, and incubated for 14 days under 24-hour light at 25°C. The GUS assay was
performed and patterns were first deemed consistent within the offspring from a single
integration event. Once an integration event was deemed consistent, seven areas of interest
(primary root, lateral roots, hypocotyl, cotyledons, 1st true leaves, true leaves and trichomes)
were selected for the comparison of the staining patterns of multiple integration events (Fig.
13).
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Figure 13. Example of representative pattern screening of CSLA promoter-GUS fusions. In this example, the GUS staining patterns of five
independent integration events of the AtCSLA1 promoter-GUS fusion are examined. Integration Lines 2, 6 and 7 had consistent GUS staining
patterns. Integration Line 2 was selected for complete developmental staining analysis based on the viability of the seeds from this transformation
event when compared to the other representative lines.
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Integration events with the same pattern were identified, and if three or more were the
same, the pattern was deemed representative. Of the multiple integration events deemed
representative for an individual construct, PCR screening, GUS-staining intensity, and
viability of the offspring were used in combination to identify the integration line used for
detailed GUS assay analysis throughout developmental. In some cases, more than five events
needed to be explored to make a determination of a representative pattern. The CSLA
promoter-GUS fusion lines selected for the expression patterns discussed in this study are
listed in Table 5.

Table 5. List of transgenic lines selected as the representative CSLA promoter-GUS fusions for this
study
AtCSLA Gene
AtCSLA1
AtCSLA2
AtCSLA3
AtCSLA7
AtCSLA9
AtCSLA10
AtCSLA11
AtCSLA14
AtCSLA15

Selected promoterGUS fusion line
Line 2
Line 5
Line 1
Line 17
Line 2
Line 101
Line 7
Line 5
Line 6

Arabidopsis Growth Conditions for GUS Assays
Sterilized seeds were sown on MS plates and stratified for two days in the dark at 4°C
to synchronize germination. All results are all reported in time points relative to the end of
stratification. For example “day one plants” would refer to plants that have grown for one
day after stratification. Plants that were analyzed during the first seven days of development
were incubated on MS plates under continuous light at 25°C. Plants that were analyzed
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during dark growth conditions were incubated on MS plates wrapped in aluminum foil at
25°C. For the two-, four- and seven-week old plants, seeds were gridded on MS plates,
incubated for 48 hours at 4°C in the dark, and transferred to short day growth chambers (8
hours of light at 22°C, 16 hours dark at 18°C). After the two-week analysis, the plants were
moved from plates to soil, and after the four-week analysis the growth chambers were set to
long days (16 hours of light at 22°C, 8 hours of dark at 18°C) to induce flowering.

Preparation of Rosettes for Microscopy
To analyze the expression patterns of four-week-old rosettes, assayed plants were
submerged in 20% ethanol and positioned with the meristem facing down and the hypocotyl
pointing to the surface. The hypocotyl was removed and the leaves were cut starting at the
cotyledons and moving along the spiral phyllotaxy, cutting the leaves at the petiole (or base
of the leaves that had not fully expanded) from oldest to youngest in development. The cut
leaves were arranged in descending order by age on glass microscope slides and preserved in
80% glycerol, 0.05% sodium azide (Fig. 14). The leaves were categorized into seven
developmental phases based on leaf morphology for standardizing the expression patterns
discussed (Table 6).

Table 6. Classification of four-week rosette leaves into seven developmental phases
Developmental Phase
Developmental Phase One (Phase I)
Developmental Phase Two (Phase II)
Developmental Phase Three (Phase III)
Developmental Phase Four (Phase IV)
Developmental Phase Five (Phase V)
Developmental Phase Six (Phase VI)
Developmental Phase Seven (Phase VII)

Characteristics of Leaves
Newest leaves on rosette - closest to the meristem
Leaves where basipetal expansion was occurring
Juvenile leaves that had not yet fully expanded
Youngest fully expanded leaves
Older fully expanded leaves
First true leaves
Cotyledons
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Developmental Phase One (Phase I) leaves were the newest leaves obtained on the rosette
closest to the meristem. Developmental Phase Two (Phase II) leaves were the leaves where
basipetal expansion was occurring. Developmental Phase Three (Phase III) leaves were the
juvenile leaves that had not yet fully expanded. Developmental Phase Four (Phase IV)
leaves were the rosette leaves that were the youngest fully expanded leaves. Developmental
Phase Five (Phase V) leaves were the older fully expanded leaves. Developmental Phase Six
(Phase VI) leaves were the first true leaves and Developmental Phase Seven (Phase VII)
leaves were the cotyledons.

Figure 14. Preparation of four-week rosette leaves for microscopy. Slide Number 1 represents the
oldest leaves of the rosette and Slide Number 3 contains the youngest leaves, arranging the leaves
from oldest to youngest emergence from the meristem.
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Microscopy and Photography
Plants were imaged using an Olympus compound microscope (Model BH-2) and an
Olympus dissecting microscope (Model SZH-ILLD). Images were captured with a Canon
EOS Rebel XSi Megapixel Digital SLR camera remotely controlled by the DSLR Remote
Pro software by Breeze Systems for Macintosh. Rosette images were captured by
illuminating samples from above and below on a clear platform with a 58 mm close-up lens
(Fig. 15).

Figure 15. Camera set-up used to capture intact four-week rosettes with a 58 mm close-up lens. The
transparent platform allows for lighting above and below the plant.

II. Immunolocalization of Mannan Carbohydrates in AtCSLA Mutants
Verification of Homozygous Mutant Lines
Mutant seeds were obtained from the Arabidopsis Biological Resource Center
(ABRC) and from the lab of Dr. Paul Dupree (University of Cambridge, UK). Leaf presses
from mutant plants were prepared on FTA cards (for details, see http://www.whatman.com),
and PCR was used to confirm the disruption of the CSLA gene of interest using a two37

reaction process (Fig. 16). The first reaction uses two genomic border primers (LP and RP)
that will yield an observable PCR product when the CSLA gene of interest is intact in the
genome and yield no product in a csla mutant because the disruption of the gene makes the
product too large to amplify. The second reaction uses the genomic RP primer and a TAG
primer that is specific to the T-DNA insert within the gene. In this reaction, wild-type
Arabidopsis are expected to yield no PCR product because the T-DNA sequence is unique to
the gene disruption and a visible PCR product can be observed for a mutant csla.
Heterozygous plants are expected to have PCR products in both reactions. PCR primer
sequences and their annealing temperatures are detailed in Appendix E.

Figure 16. PCR screening of mutants with T-DNA insertions. A, Example of PCR screening of DNA
obtained from leaf presses of putative csla3 mutant plants using LP/RP primer combinations. Wildtype Arabidopsis generated the expected PCR product of the intact AtCSLA3 gene (1215 bps) and
DNA samples from plants 1-3 had no indication of intact AtCSLA3 gene amplification. B, Example of
PCR screening using BP/RP primer combinations. Plants 3 and 4 had PCR products consistent with
the presence of T-DNA insertion into the AtCSLA3 gene (590-890 bps), while plants 1, 2 and the
wild-type did not.

Wax Embedding and Sectioning of Plant Tissue
Wild-type and mutant Arabidopsis stems were collected from six week-old plants
from the base of the inflorescence stem of the plant for aged sections and from the top of the
plant for juvenile sections. Portions of the plant were submerged at 4°C in fixative (Chen
and Baldwin, 2007; Appendix A), and 2-4 mm segments were cut while submerged.
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Samples were gently agitated in fixative at 4°C overnight. Samples were washed three times
for 10 minutes each in 1X PBS (Appendix A) at 4°C with gentle agitation. Samples were
oriented in 2% low-melt agarose in 1X PBS in a small (14 mm [L] x 5 mm [W] x 6 mm [D])
mold (Electron Microscopy Sciences, product #70901). Once polymerized, the agarose
blocks were removed from the molds and submerged in 30% ethanol and gently agitated
overnight at 4°C. Samples were dehydrated by using an ethanol series (50%, 70%, 90%) in
30-minute intervals at 4°C with gentle agitation. Samples were washed in 90% ethanol/ 0.08
M toluidine blue solution for 10 minutes at 4°C. Samples were then washed 3 times for 10
minutes each in 95% ethanol at 4°C. Samples were warmed to 37°C and washed with 95%
ethanol that was warmed to 37°C. Warm ethanol was replaced with 1:1 ethanol-Steedman’s
wax (Appendix A) and rotated at 37°C overnight. The ethanol-wax mixture was replaced
with 100% Steedman’s wax and rotated overnight at 37°C. Samples were transferred to
small molds to solidify at room temperature. Samples were mounted on wooden blocks, and
0.7 mm sections were made with a Tissue-Tek Accu-Edge 4687 microtome blade system on
an AO “820” Spencer microtome. Ribbons were placed on 0.1% poly-L-lysine slides.

Pretreatment and Immunolabeling
Rectangles were cut from Scotch Re-usable Double-sided Mounting Strips and placed
on the slides with the wax-embedded samples to serve as a shallow well. Slides with waxembedded samples were de-waxed in series: 95% ethanol (3 x 10 minutes), 90% ethanol (1 x
10 minutes), 50% ethanol (1 x 10 minutes), and rehydrated in 1X PBS (1 x 10 minutes) and
1X PBS (1 x 90 minutes). A pectate lyase cocktail (Appendix A) was added to the slides and
covered with parafilm. To prevent desiccation, samples were incubated in a room
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temperature humidor for 2 hours. Samples were washed two times in 1X PBS and left
overnight in 1X PBS at 4°C. A primary antibody cocktail (Appendix A) was added to the
slides and covered with parafilm. Samples were incubated in a room temperature humidor
for 1.5 hours. Samples were washed 3 times for 5 minutes each in 1X PBS. A secondary
antibody cocktail (Appendix A) was added and covered with parafilm, and samples were
incubated in the dark for 2 hours in a room temperature humidor. Samples were shielded
from light throughout the remaining procedures to protect the fluorophore of the secondary
antibody. Samples were washed twice for 5 minutes in 1X PBS. Samples were treated with
a PBS-Calcofluor white solution [50 µg/µl Calcofluor white, 1X PBS] and incubated in a
darkened humidor at room temperature for 5 minutes. Samples were washed two times for 5
minutes each in 1X PBS. Vectorbond antifade solution (Vectashield®, Vector Laboratories)
was added to the slides and covered with a glass coverslip for even distribution, and the
margins were sealed with nail enamel.

Immunofluorescence Imaging
Samples were imaged on a Leica DMRB fluorescence microscope. Calcofluor
fluorescence was visualized on the microscope using excitation at 470 nm +/- 20 nm and a
515 nm longpass emission filter; anti-mannan treatments were visualized using excitation at
535 nm +/- 25 nm and a 590 nm longpass emission filter.
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Results
I. Investigating the Expression Patterns of Arabidopsis CSLA Family

A Guide to Arabidopsis Anatomy and Developmental Zones

Figure 17. Diagrams depicting morphological and developmental plant traits of young seedlings,
young plants and primary root tissue. Drawings by Ashley K. Rolfe.
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Figure 18. Diagrams depicting anatomical features of mature plants. Drawings by Ashley K. Rolfe.
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Glossary of Plant Anatomical Terms
Anther component of stamen that holds
the pollen sacs [1]
Carpel female reproductive organ
containing ovary, stigma and style [1]

Protoderm primary meristematic tissue
that gives rise to the epidermis [1]
Root Apical Meristem (RAM) mitotic
tissue that generates new primary tissues
from the root apex [1]

Cauline Leaf leaf borne on the stem [4]

Rosette group of leaves borne at the base
of the plant [4]

Cotyledon embryonic seed leaves, harbor
nutritive tissue from endosperm [1]

Sepal outermost whorl of the flower,
green and leaf-like [1]

Filament anther-bearing stalk-like
structure [1]

Shoot Apical Meristem (SAM) mitotic
tissue that generates new primary tissues
from the shoot apex [1]

Ground Meristem primary meristematic
tissue that gives rise to cortex tissue [1]
Gynophore shoot axis that supports
carpels and siliques [4]

Silique fruit organ, seeds borne on central
replum portion [3]
Stamen contains filament and anther,
pollen producing part of the flower [1]

Hydathode vascular tissue modification
that permits release of water through an
epidermal pore [2]

Stigma pollen grain receptor of the flower
[1]

Hypocotyl part of embryo or seedling
between cotyledons and radicle [2]

Style column of tissue between ovary and
stigma in which pollen tubes grow [1]

Node stem position where branches,
leaves or buds are attached [1]

Trichome epidermal projection of leaves,
serves protective role [1]

Petal nonreproductive part of flower
above the sepals, usually for attraction of
pollinators [1]

Vascular Tissue plant tissue that is
responsible for transport of water,
minerals and organic compounds [1]

Petiole stalk connecting a leaf blade to a
stem [1]

Zone of Maturation differentiation zone
that is part of the root, distinguished by the
presence of root hairs [4]

Pollen Grain microspore-derived
structure, develops into male gametophyte
[3]
Procambium primary meristematic tissue
that gives rise to the vascular tissues [1]

Sources of Definitions:
[1] Modified from Graham et al., 2003
[2] Modified from Evert and Eichorn, 2006
[3] Modified from Stern et al., 2006
[4] Modified from The Arabidopsis Information
Resource (TAIR) http://www.arabidopsis.org

43

AtCSLA1 Expression Patterns
AtCSLA1 Expression Patterns of Mature Embryos
In mature embryos, expression was observed in the peripheral ground tissue of the
cotyledons, and predominantly associated with the protoderm (Fig. 19).

Figure 19. AtCSLA1 promoter-GUS fusion expression in a mature embryo. 1 hour GUS staining
assay; 37°C incubation period.

AtCSLA1 Expression Patterns from One to Seven Days in 24-hour Continuous Light
Conditions
On day one, AtCSLA1 promoter-GUS expression was observed in the procambium of
the embryonic root, the protoderm, the procambium, and ground meristem in the zone of
maturation, the procambium of the hypocotyl, the apical meristem, the tips of the cotyledons
and ground tissue in the cotyledons (Fig. 20A). On day two, expression in the procambium
of the embryonic root, the protoderm, procambium, and ground meristem in the zone of
maturation was still observable. Faint expression was observed in the apical meristem, and
some ground tissue expression was observed in the cotyledons (Fig. 20B). On day three, the
day two expression pattern was retained, although the apical meristem expression was more
apparent than observed on day two (Fig. 20C).
On day four, expression was still observed in the procambium of the root and the
entire zone of maturation. Cotyledons had faint expression in the vascular tissue and
sporadic expression in the ground tissue (Fig. 20D). The leaf apex in the apical meristematic
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zone had expression in the tips and trichome bases (Fig. 20E). Developed lateral roots had
distinct expression in the procambium (Fig. 20F). On day five, the day four expression
pattern was retained, although there was an increase in intensity of expression in the ground
tissue of the cotyledon and more trichome base-associated patterns on the new leaves in the
apical zone (Fig. 20, G, H and I). True leaves had reached an observable stage in their
development and expression was observed in the ground tissue near the tips and the base of
the trichomes near the edges of the leaves (Fig. 20H). On day six there were no changes in
the expression patterns observed on day five (Fig. 20, J, K and L).
On day seven in the cotyledons (Fig. 20M) and the first true leaves (Fig. 20N),
expression was widely distributed throughout the ground tissue and the vascular tissue nearer
to the tips. New developing leaves in the apical growth region displayed expression in the
cells associated with the base of the trichome sockets (Fig. 20N). Expression was still
observed in the entire zone of maturation at the hypocotyl-root axis (Fig. 20O). The
procambium of the lateral roots had distinct expression (Fig. 20O); however, the expression
was no longer observed in the procambium of the primary root except in the zone of cell
division and the zone of elongation.
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Figure 20. AtCSLA1 promoter-GUS fusion expression from day one to day seven under continuous
light growth conditions. A, day one seedling. B, day two seedling. C, day three seedling. D, day four
cotyledon. E, day four apical growth region. F, day four primary and lateral roots. G, day five
cotyledon. H, day five apical growth region. I, day five hypocotyl-root axis, lateral root and primary
root. J, day six cotyledon. K, day six apical growth region. L, day six hypocotyl-root axis, lateral
roots and primary root. M, day seven cotyledon. N, day seven apical growth region. O, day seven
lateral roots and primary root. 0.5 hour GUS staining assay; 37°C incubation period.
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AtCSLA1 Expression Patterns from One to Five Days in Dark Growth Conditions
On day one, expression was observed in the procambium of the hypocotyl (Fig. 21A).
On day two, expression was observed in the protoderm, ground meristem, and procambium
of the hypocotyl, the procambium of the primary root, the apical meristem, and the tips of the
cotyledons (Fig. 21B). On day three, expression was observed in the procambium of the
hypocotyl and primary root, as well as in the tips of the cotyledons (Fig. 21C). On day four,
expression was observed in the apical meristem, the tips of the cotyledons (Fig. 21D), and the
procambium in the extremities of the hypocotyl and faintly in the procambium of the primary
root (not shown). On day five, expression was observed in the procambium at the
extremities of the hypocotyl (Fig. 21E) and in the procambium of the primary root (not
shown).

Figure 21. AtCSLA1 promoter-GUS fusion expression from day one to day five in dark growth
conditions. A, day one seedling. B, day two cotyledons and hypocotyl. C, day three cotyledons and
hypocotyl. D, day four cotyledons and hypocotyl. E, day five cotyledons and hypocotyl. 0.5 hour
GUS staining assay; 37°C incubation period.

AtCSLA1 Expression Patterns in Two-week-old Seedlings
In two-week-old plants, AtCSLA1 promoter-GUS expression was observed in the
procambium of the hypocotyl-root axis, the lateral roots, and the root apical meristem (Fig.
22). Expression was also observed in the shoot apical meristem zone and in the vascular
tissue and ground tissue of the cotyledons and first true leaves (Fig. 23). Guard cell
expression was also observed but was not restricted to a specific developmental phase and
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was not consistently in all guard cells (Fig. 24). Expression was observed in the trichome
socket-associated cells, as well as in the trichomes (Fig. 25).

Figure 22. AtCSLA1 promoter-GUS expression in (A) hypocotyl-root axis, primary root, lateral root
and (B) root apical meristem of two-week-old seedlings 1 hour GUS staining assay; 37°C incubation
period.

Figure 23. AtCSLA1 promoter-GUS expression in the shoot apical meristem zone in a two-week-old
seedling. 1 hour GUS staining assay; 37°C incubation period.
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Figure 24. AtCSLA1 promoter-GUS expression in the guard cells of a two-week-old seedling. 1 hour
GUS staining assay; 37°C incubation period.

Figure 25. AtCSLA1 promoter-GUS fusion expression in a true leaf from a two-week-old seedling.
(A) trichome cell (branches not in the focal plane), (B) socket cells surrounding the trichome. 1 hour
GUS staining assay; 37°C incubation period.
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AtCSLA1 Expression Patterns in Four-week-old Rosettes
In Phase I leaves in the rosette, AtCSLA1 promoter-GUS expression was observed in
ground tissue at the leaf apex, a single trichome, and trichome socket-associated cells near
the leaf apex (Fig. 26A). Phase II leaves had distinct expression in the trichome socketassociated cells (Figs. 26B and 27) and in the trichomes only when the trichomes were in the
branching phase of development (not shown). Trichomes in globular developmental phases
and fully branched trichomes, as well as their surrounding epidermal cells, lacked any
detectable expression (not shown).

Figure 26. AtCSLA1 promoter-GUS fusion expression in seven developmental phases of four-weekold rosettes. One representative leaf is shown from each developmental phase. A, Phase I. B, Phase II.
C, Phase III. D, Phase IV. E, Phase V. F, Phase VI. G, Phase VII. 1 hour GUS staining assay; 37°C
incubation period.
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Figure 27. AtCSLA1 promoter-GUS fusion expression in a Phase II four-week rosette leaf. (A)
trichome cell, (B) socket cells surrounding the trichome. 1 hour GUS staining assay; 37°C incubation
period.

The Phase II pattern was retained in Phase III, but in the proximal portion of the
leaves (Fig. 26C). Additionally, expression was observed in guard cells in the apex and lobe
apices of the leaves; expression was also observed in some subsidiary cells (not shown).
Expression was observed in the immature guard cells of the leaf apex and margins (Fig. 28).
There was distinct expression in regions where satellite meristemoid formation was
occurring. There was also expression in guard cells that had not reached full maturity, but
not consistently in all of the cells (not shown). Vascular tissue expression was observed in
the tertiary and quaternary veins but not distinctly in the midvein or secondary veins (not
shown).
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Figure 28. AtCSLA1 promoter-GUS fusion expression in a Phase III four-week rosette leaf. (A)
meristemoid cell. 1 hour GUS staining assay; 37°C incubation period.

In Phase IV leaves, epidermal tissue in the apex and margins appeared to have
expression (Fig. 26D). Expression was distinct in the trichomes but not in the surrounding
epidermal cells (Fig. 29). Expression was observed in some guard cells, with no clear
specificity of developmental phase (not shown). Vascular tissue expression was distinct in
all veins, except the midvein and subsequent veins in the petiole and near the base of the
leaves (not shown).
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Figure 29. AtCSLA1 promoter-GUS fusion expression in a Phase IV four-week rosette leaf. (A)
trichome cell, (B) socket cells surrounding the trichome. 1 hour GUS staining assay; 37°C incubation
period.

In Phase V, expression was observed in trichomes, but in fewer of the trichomes than
were observed in the newly expanded leaves (Fig. 26E). Expression was observed in the
hydathodes and veins connected to them (Fig. 30). Expression was observed in the apical
hydathode. Vascular and ground tissue expression was only detected in the apex (not
shown).
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Figure 30. AtCSLA1 promoter-GUS fusion expression in a hydathode (A) of a Phase V four-week
rosette leaf. 1 hour GUS staining assay; 37°C incubation period.

In Phase VI, expression patterns were inconsistent from one leaf to the next. One of
the leaves in this phase had no detectable expression (not shown). The other leaf had distinct
expression in the hydathode of the apex, ground tissue of the margins, vascular tissue (with
the exception of the midvein), and the ground tissue surrounding the vascular tissue (Fig.
26F). Phase VII leaves had expression in all of the veins and throughout the ground tissue of
the leaves (Fig. 26G).

AtCSLA1 Expression Patterns after Seven Weeks of Growth
In the seven-week-old plants, AtCSLA1 promoter-GUS expression was observed in
the trichomes, non-specific ground tissue, and vascular tissue of the cauline leaves at the first
(Fig. 31A), second, and third nodes (not shown). In both mature (Fig. 31B) and juvenile
siliques (not shown), expression was observed in the stigma, style, and gynophore. Juvenile
siliques also had observable expression in the replum (not shown), where the mature siliques
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did not. Petals and sepals had non-specific and inconsistent expression in the vascular tissue
and the ground tissue (Fig. 31C). Expression was observed in the stigma and style of the
carpel (Fig. 31D) and the filaments and anthers of the stamens (Fig. 31E). Additionally,
expression was observed in the pollen grains within the anthers (Fig. 31F).

Figure 31. AtCSLA1 promoter-GUS fusion expression in seven-week plants. A, cauline leaf from the
first node. B, mature silique gynophore. C, flower petal. D, dissected carpel. E, flowers. F, stamen. 18
hour GUS staining assay; 37°C incubation period.

AtCSLA2 Expression Patterns
AtCSLA2 Expression Pattern of Mature Embryos
In mature embryos, expression was observed in the peripheral ground tissue of the
cotyledons and was predominantly associated with the protoderm, as well as minor
expression in the protoderm of the hypocotyl (Fig. 32).
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Figure 32. AtCSLA2 promoter-GUS fusion expression in a mature embryo. 1 hour GUS staining
assay; 37°C incubation period.

AtCSLA2 Expression Patterns from One to Seven Days in 24-hour Continuous Light
Conditions
On day one, AtCSLA2 promoter-GUS expression was observed in the procambium of
the embryonic root, the procambium, and ground meristem in the zone of maturation, the
procambium of the hypocotyl, the tips of the cotyledons, and ground tissue in the cotyledons
(Fig. 33A). On day two, expression in the procambium of the embryonic root, the
protoderm, procambium, and ground meristem in the zone of maturation was still observable.
Expression was observed in the apical meristem, and non-specific expression was observed
in the ground tissue and the tips of the cotyledons (Fig. 33B). On day three, the day two
pattern was retained (Fig. 33C).
On day four, expression was observed in non-specific ground tissue in the cotyledons
and the first true leaves (Fig. 33, D and E). Expression was also observed in the
procambium, ground meristem, and protoderm of the hypocotyl-root axis and in the
procambium of the primary root and lateral roots (Fig. 33F). On day five, the day four
expression pattern was retained (Fig. 33, G, H and I), with additional expression observed in
the vascular tissue of the cotyledons (Fig. 33G) and the trichome socket-associated cells, as
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well as in the trichomes and the shoot apical meristem zone (Fig. 33H). On days six (Fig. 33,
J, K and L) and seven (Figure 33, M, N and O), the day five pattern was retained.

Figure 33. AtCSLA2 promoter-GUS fusion expression from day one to day seven under continuous
light growth conditions. A, day one seedling. B, day two seedling. C, day three seedling. D, day four
cotyledon. E, day four apical growth region. F, day four hypocotyl-root axis, primary root and lateral
roots. G, day five cotyledon. H, day five apical growth region. I, day five hypocotyl-root axis, lateral
roots and primary root. J, day six cotyledon. K, day six apical growth region. L, day six hypocotylroot axis, lateral roots and primary root. M, day seven cotyledon. N, day seven apical growth region.
O, day seven lateral roots and primary root. 0.5 hour GUS staining assay; 37°C incubation period.
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AtCSLA2 Expression Patterns from One to Five Days in Dark Growth Conditions
On day one, AtCSLA2 promoter-GUS expression was observed in the procambium of
the hypocotyl (Fig. 34A). On day two, expression was observed in the protoderm, ground
meristem, and procambium of the zone of maturation, the procambium and ground meristem
of the primary root, the procambium of the hypocotyl, the apical meristem, the tips of the
cotyledons, and non-specific ground tissue of the cotyledons (Fig. 34B). On day three,
expression was observed in the procambium of the zone of maturation, the hypocotyl, and
primary root, as well as the tips of the cotyledons (Fig. 34C). On day four, the day three
expression patterns were retained (Fig. 34D). On day five, expression was observed in the
procambium of the zone of maturation, the hypocotyl (Fig. 34E), and primary root (not
shown).

Figure 34. AtCSLA2 promoter-GUS fusion expression from day one to day five in dark growth
conditions. A, day one seedling. B, day two seedling. C, day three cotyledons and hypocotyl. D, day
four cotyledons and hypocotyl. E, day five cotyledons and hypocotyl. 0.5 hour GUS staining assay;
37°C incubation period.

AtCSLA2 Expression Patterns in Two-week-old Seedlings
In the two-week-old plants, AtCSLA2 promoter-GUS expression was observed in the
procambium of the hypocotyl-root axis (not shown), the lateral roots, and the root apical
meristem (Fig. 35). Expression was also observed in the shoot apical meristem zone and in
the vascular tissue of the cotyledons and first true leaves (Fig. 36), as well as non-specific
ground tissue of the cotyledons (Figs. 36 and 37) and true leaves (Fig. 36). Guard cell
expression was also observed but could not be isolated to a specific developmental phase and
58

was not consistently in all guard cells (not shown). Expression was observed in the trichome
socket-associated cells (not shown).

Figure 35. AtCSLA2 promoter-GUS fusion expression in two-week-old lateral roots and root apical
meristem. 1 hour GUS staining assay; 37°C incubation period.

Figure 36. AtCSLA2 promoter-GUS expression in the shoot apical meristem zone in a two-week-old
seedling. 1 hour GUS staining assay; 37°C incubation period.
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Figure 37. AtCSLA2 promoter-GUS fusion expression in a cotyledon of a two-week-old seedling. (A)
epidermis at the leaf margin. 1 hour GUS staining assay; 37°C incubation period.
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AtCSLA2 Expression Patterns in Four-week-old Rosettes
In Phase I of the rosette, AtCSLA2 promoter-GUS expression was observed in the
trichome socket-associated cells near the apex and in the apices of the lobes (Fig. 38A), and
in the trichomes in the late branching developmental phases (not shown).

Figure 38. AtCSLA2 promoter-GUS fusion expression in seven developmental phases of four-weekold rosettes. One representative leaf is shown from each developmental phase. A, Phase I. B, Phase II.
C, Phase III. D, Phase IV. E, Phase V. F, Phase VI. G, Phase VII. 1 hour GUS staining assay; 37°C
incubation period.

In Phase II leaves, expression was observed throughout the leaf in the trichome
socket-associated cells (Fig. 38B) and the trichomes after branching had occurred (not
shown). Expression was observed in the guard cells near the apex, but not their subsidiary
cells (not shown).
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Later in Phase II, leaves had an even distribution of expression in the trichome
socket-associated cells throughout the leaf but not in the apex (Fig. 39). Expression was
observed in the trichomes in the branching developmental phases. Expression was observed
in guard cells that were developed beyond the meristemoid but that were not fully mature
(Fig. 40). This guard-cell expression was evenly distributed throughout the leaf but not
detectable in the midvein region. Some vascular expression was observed in the marginal
veins (not shown).

Figure 39. AtCSLA2 promoter-GUS fusion expression in a Phase II four-week rosette leaf. (A)
trichome cell, (B) socket cells surrounding the trichome. 1 hour GUS staining assay; 37°C incubation
period.
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Figure 40. AtCSLA2 promoter-GUS fusion expression in a Phase II four-week rosette leaf. (A) guard
cell. 1 hour GUS staining assay; 37°C incubation period.

In Phase III leaves, trichome socket-associated cell expression was observed in the
midvein region and where the petiole was expanding (Fig. 38C). Expression was observed
throughout the leaves in branched trichomes (not shown). Expression was also observed in
the veins in the apical region (not shown). Guard cells had expression at various
developmental phases but not in the meristemoids (Fig. 41). There also was expression in
some of the subsidiary cells, but the developmental phases were not determined (Fig. 41).
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Figure 41. AtCSLA2 promoter-GUS fusion expression in guard cells of a Phase III four-week rosette
leaf. 1 hour GUS staining assay; 37°C incubation period.

In Phase IV leaves, non-specific expression was observed throughout the leaves (Fig.
38D) but not in the midvein region (not shown). Expression was observed in all of the
branching trichomes but not the socket-associated cells (Fig. 42). There was distinct
expression in most of the veins (Fig. 42) but not the entire midvein (not shown). The
hydathode at the apex had distinct expression (not shown). Guard cell expression and some
subsidiary cell expression were observed, but a determination of developmental phase could
not be made (not shown).

64

Figure 42. AtCSLA2 promoter-GUS fusion expression in a Phase IV four-week rosette leaf. (A)
trichome, (B) vein. 1 hour GUS staining assay; 37°C incubation period.

In Phase V, non-specific ground tissue expression that had uneven distribution was
observed (Fig. 38E). Expression was also observed in the trichomes but in fewer trichomes
than in the newly expanded leaves (Fig. 43). Expression was observed in all of the veins and
hydathodes (not shown).

Figure 43. AtCSLA2 promoter-GUS fusion expression in a Phase IV four-week rosette leaf. 1 hour
GUS staining assay; 37°C incubation period.
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Phase VI leaves had observable expression throughout the veins and hydathodes and
the cells in close proximity to them (Fig. 38F). Very limited expression was observed in a
few trichomes on each leaf (not shown).
Phase VII leaves were inconsistently patterned; one leaf had detectable expression in
all of the tissues of the leaf, except the basal midvein region and petiole (Fig. 38G). In the
other leaf, there was almost no detectable expression, except a nondescript portion of a vein
and its surrounding cells (not shown).

AtCSLA2 Expression Patterns after Seven Weeks of Growth
In seven-week-old plants, AtCSLA2 promoter-GUS expression was observed in the
trichomes, non-specific ground tissue, and vascular tissue of the cauline leaves at the first,
second, and third nodes (not shown). In both mature (Fig. 44A) and juvenile siliques (not
shown), expression was observed in the stigma (not shown) and gynophore (Fig. 44B, mature
silique gynophore not shown). Juvenile siliques also had observable expression in the style
(not shown), valve, and replum (Fig. 44B), where this was not detectable in the mature
siliques (Fig. 44A). Petals (Fig. 44C) and sepals (not shown) had non-specific and
inconsistent expression that was observed in the vascular tissue and the ground tissue.
Expression was observed in the stigma and style of the carpel (Fig. 44D) and the filament
and anther of the stamens (Fig. 44E). Additionally, expression was observed in the pollen
grains within the anthers (Fig. 44F).
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Figure 44. AtCSLA2 promoter-GUS fusion expression in seven-week plants. A, mature silique. B,
juvenile silique gynophore. C, petal. D, stigma and style of carpel. E, flower. F, anther and pollen
grain. 18 hour GUS staining assay; 37°C incubation period.

AtCSLA3 Expression Patterns
Although the results of the AtCSLA3 promoter-GUS expression patterns are detailed,
it should be taken into account that plants from multiple integration events of the pCAMBIAAtCSLA3 promoter-GUS fusion construct had developmental abnormalities, such as tumor
development and abnormal leaf extension. Only plants with unremarkable growth and
development were selected for documentation of expression patterns.

AtCSLA3 Expression Pattern of Mature Embryos
In mature embryos, expression was observed in throughout the cotyledon tissue (Fig.
45).
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Figure 45. AtCSLA3 promoter-GUS fusion expression in a mature embryo. 1 hour GUS staining
assay; 37°C incubation period.

AtCSLA3 Expression Patterns from One to Seven Days in 24-hour Continuous Light
Conditions
On day one, AtCSLA3 promoter-GUS expression was observed in the procambium of
the embryonic root and the tips of the cotyledons (Fig. 46A). On day two, expression was
observed in the procambium of the zone of maturation and the procambium of the embryonic
root (Fig. 46B). On day three there was no observable expression (Fig. 46C).
On day four, there was no observable expression in the cotyledons (Fig. 46D).
Expression was observed in the procambium of the primary roots (Fig. 46E), lateral roots,
and hypocotyl-root axis (Fig. 46F). On day five (Fig. 46, G, H and I), there was no
observable expression. On day six, expression was observed in the cotyledon vascular tissue
(Fig. 46J), the shoot apical meristem zone, non-specific ground tissue in the cotyledons and
first true leaves, and the trichome socket-associated cells, as well as in the trichomes (not
shown). Expression was also observed in the protoderm of the primary root (Fig. 46K),
procambium of the lateral roots, and hypocotyl-root axis (Fig. 46L). On day seven, no
expression was observed in the cotyledons or primary root (Fig. 46, M and N). Expression
was limited to the procambium of the lateral roots, the protoderm of the lateral roots, and
hypocotyl-root axis (Fig. 46O).
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Figure 46. AtCSLA3 promoter-GUS fusion expression from day one to day seven under continuous
light growth conditions. A, day one seedling. B, day two seedling. C, day three seedling. D, day four
cotyledon. E, day four primary root. F, day four hypocotyl-root axis, lateral root and primary root. G,
day five cotyledon. H, day five primary root. I, day five hypocotyl-root axis, lateral root and primary
root. J, day six cotyledon. K, day six primary root. L, day six hypocotyl-root axis, lateral roots and
primary root. M, day seven cotyledon. N, day seven primary root. O, day seven hypocotyl-root axis,
lateral roots and primary root. 1 hour GUS staining assay; 37°C incubation period.
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AtCSLA3 Expression Patterns from One to Five Days in Dark Growth Conditions
On day one, AtCSLA3 promoter-GUS expression was observed in the procambium of
the embryonic root (Fig. 47A). On day two, expression was observed in the procambium of
the hypocotyl, embryonic root, and zone of maturation (Fig. 47B). Expression was also
observed in the ground meristem, the protoderm of the embryonic root and the zone of
maturation, and non-specific ground tissue of the cotyledons. On day three, expression was
limited to the procambium of the embryonic root (Fig. 47C). The day three pattern was
retained on day four (Fig. 47D) and day five (Fig. 47E).

Figure 47. AtCSLA3 promoter-GUS fusion expression from day one to day five in dark growth
conditions. A, day one seedling. B, day two seedling. C, day three seedling. D, day four seedling. E,
day five seedling. 1 hour GUS staining assay; 37°C incubation period.

AtCSLA3 Expression Patterns in Two-week-old Seedlings
In the two-week-old plants, AtCSLA3 promoter-GUS expression was observed in the
procambium, ground meristem, and protoderm of the lateral roots (Fig. 48) and root apical
meristem (not shown). Expression was also observed in non-specific ground tissue of the
cotyledons and first true leaves (Fig. 49). There was expression detected in the cotyledon
vascular tissue and trichomes of first true leaves (Fig. 49). Guard cell expression was also
observed but could not be isolated to a specific developmental phase and was not consistently
found in all guard cells (not shown).

70

Figure 48. AtCSLA3 promoter-GUS fusion expression in a two-week budding lateral root. 1 hour
GUS staining assay; 37°C incubation period.

Figure 49. AtCSLA3 promoter-GUS fusion expression in a two-week-old true leaf. 1 hour GUS
staining assay; 37°C incubation period.
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AtCSLA3 Expression Patterns in Four-week-old Rosettes
In Phase I of the rosette, AtCSLA3 promoter-GUS expression was observed in all of
the trichomes from the extension phase to maturity. Non-specific ground tissue through the
entire apex also had observable expression (Fig. 50A).

Figure 50. AtCSLA3 promoter-GUS fusion expression in seven developmental phases of four-weekold rosettes. One representative leaf is shown from each developmental phase. A, Phase I. B, Phase II.
C, Phase III. D, Phase IV. E, Phase V. F, Phase VI. G, Phase VII. 2 hour GUS staining assay; 37°C
incubation period.

Phase II leaves had expression in the apical cells and in the trichomes throughout the
leaf from the extension phase to maturity (Fig. 50B) but not distinctly in the surrounding
epidermal cells (Fig. 51). Older Phase II leaves retained the same expression patterns as the
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younger Phase II leaves but also had observable expression in non-specific cells in the apex
of the lobes and in the midvein (not shown).

Figure 51. AtCSLA3 promoter-GUS fusion expression in a Phase II four-week rosette leaf. (A)
developing trichome cell. 2 hour GUS staining assay; 37°C incubation period.

In Phase III leaves, expression was observed in the midvein and hydathodes, faintly
in nondescript cells throughout the leaves (Fig. 50C), and in isolated instances of guard cells
and trichome socket-associated cells (not shown). Expression was observed in all of the
trichomes, although there did not appear to be any trichomes younger than the branching
developmental phases on the leaf to examine (Fig. 52).
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Figure 52. AtCSLA3 promoter-GUS fusion expression in trichomes of a Phase III four-week rosette
leaf. 2 hour GUS staining assay; 37°C incubation period.

In Phase IV leaves, expression was only observed in the hydathodes (Fig. 50D) and
the trichome cells (not shown). Phase V leaves showed little expression (Fig. 50E), though
they had expression in the hydathode of the apex (Fig. 53) and in a few trichomes (not
shown). Phase VI and Phase VII leaves of the rosette had no observable expression (Fig. 50,
F and G).
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Figure 53. AtCSLA3 promoter-GUS fusion expression in a Phase V four-week rosette leaf. (A)
hydathode of the apex. 2 hour GUS staining assay; 37°C incubation period.

AtCSLA3 Expression Patterns after Seven Weeks of Growth
In the seven-week-old plants, AtCSLA3 promoter-GUS expression was observed in
non-specific ground tissue of the cauline leaves at the first (Fig. 54A), second, and third
nodes (not shown). In both mature and juvenile siliques, expression was observed in the
style (not shown). Juvenile siliques also had observable expression in the valve (Fig. 54B),
where it was not detected the mature siliques (Fig. 54C). Petal expression was observed in
the vascular tissue (Fig. 54D). Sepals had observable expression in the vascular tissue and
non-specific ground tissue (Fig. 54E). Expression was also observed in the stigma and style
of the carpel (Fig. 54F).
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Figure 54. AtCSLA3 promoter-GUS fusion expression in seven-week plants. A, cauline leaf from the
first node. B, juvenile silique gynophore. C, mature silique gynophore. D, petal. E, flower. F, stigma
and style of carpel. 18 hour GUS staining assay; 37°C incubation period.

AtCSLA7 Expression Patterns
AtCSLA7 Expression Pattern of Mature Embryos
In mature embryos, there was no observable expression (Fig. 55).

Figure 55. AtCSLA7 promoter-GUS fusion expression in a mature embryo. 1 hour GUS staining
assay; 37°C incubation period.

AtCSLA7 Expression Patterns from One to Seven Days in 24-hour Continuous Light
Conditions
On day one, AtCSLA7 promoter-GUS expression was observed in the procambium of
the embryonic root, the protoderm and procambium in the zone of maturation, the
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procambium of the hypocotyl, and the tips of the cotyledons (Fig. 56A). On day two,
expression was observed in the procambium of the embryonic root, the hypocotyl, and the
zone of maturation, as well as in non-specific ground tissue and the tips of the cotyledons
(Fig. 56B). On day three, expression was observed in the procambium of the embryonic root
and hypocotyl, as well as the procambium and protoderm of the zone of maturation (Fig.
56C). Expression was also observed in the shoot apical meristem and the vascular tissue of
the cotyledons (Fig. 56C).
On day four, expression was observed in non-specific ground tissue in the cotyledons,
as well as the cotyledon vascular tissue (Fig. 56D) and non-specific ground tissue of first true
leaves (Fig. 56E). Expression was also observed in the hypocotyl, hypocotyl-root axis,
primary root, and the procambium of the lateral roots (Fig. 56F).
On day five, expression was observed in non-specific ground tissue of the cotyledons,
cotyledon vascular tissue (Fig. 56G), and non-specific ground tissue of the first true leaves
(Fig. 56H). Expression was also observed in the trichome socket-associated cells of the true
leaves (not shown). Expression was observed in the procambium of the hypocotyl, lateral
roots, primary root, and hypocotyl-root axis (Fig. 56I). On day six, expression was still
observed in non-specific ground tissue of the cotyledons, as well as the cotyledon vascular
tissue (Fig. 56J) and non-specific ground tissue of first true leaves (Fig. 56K). Expression
was detected in the shoot apical meristem zone (Fig. 56K). The trichomes and the trichome
socket-associated cells also had observable expression (not shown). Expression was
observed in the procambium of the lateral roots and hypocotyl-root axis (Fig. 56L). On day
seven, the day six expression pattern was retained (Fig. 56, M, N and O).
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Figure 56. AtCSLA7 promoter-GUS fusion expression from day one to day seven under continuous
light growth conditions. A, day one seedling. B, day two seedling. C, day three seedling. D, day four
cotyledon. E, day four apical growth region. F, day four primary and lateral root. G, day five
cotyledon. H, day five apical growth region. I, day five lateral roots and primary root. J, day six
cotyledon. K, day six apical growth region. L, day six hypocotyl-root axis, lateral roots and primary
root. M, day seven cotyledon. N, day seven apical growth region. O, day seven hypocotyl-root axis,
lateral roots and primary root. 0.5 hour GUS staining assay; 37°C incubation period.
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AtCSLA7 Expression Patterns from One to Five Days in Dark Growth Conditions
On day one, there was no observable AtCLA7 promoter-GUS expression (Fig. 57A).
On day two, expression was observed in the procambium of the hypocotyl and embryonic
root, the procambium and protoderm of the zone of maturation, the apical meristem, nonspecific ground tissue of the cotyledons, and the tips of the cotyledons (Fig. 57B). On day
three, expression was retained in tissues detected on day two, except that expression was no
longer observed in the tips of the cotyledons, the apical meristem, and the protoderm of the
zone of maturation (Fig. 57C). On day four, expression was observed in the procambium of
the root, hypocotyl, and zone of maturation (Fig. 57D). On day five, the day four pattern was
retained, with expression also observed in the shoot apical meristem and non-specific ground
tissue in the cotyledons (Fig. 57E).

Figure 57. AtCSLA7 promoter-GUS fusion expression from day one to day five in dark growth
conditions. A, day one seedling. B, day two seedling. C, day three seedling. D, day four cotyledons
and partial hypocotyl. E, day five cotyledons and hypocotyl. 0.5 hour GUS staining assay; 37°C
incubation period.

AtCSLA7 Expression Patterns in Two-week-old Seedlings
In the two-week-old plants, AtCSLA7 promoter-GUS expression was observed in the
procambium of the root apical meristem (not shown), the procambium of the lateral roots, the
procambium of the hypocotyl-root axis (Fig. 58), the shoot apical meristem zone (not
shown), and the vascular tissue of the cotyledons (Fig. 59). The first true leaves had
expression in non-specific ground tissue, the vascular tissue, and the trichome socketassociated cells (not shown). Guard cell expression was also observed but could not be
79

isolated to a specific developmental phase and was not consistently present in all guard cells
(not shown).

Figure 58. AtCSLA7 promoter-GUS fusion expression in a two-week lateral roots and hypocotyl-root
axis. 1 hour GUS staining assay; 37°C incubation period.

Figure 59. AtCSLA7 promoter-GUS fusion expression in a two-week cotyledon. 1 hour GUS staining
assay; 37°C incubation period.
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AtCSLA7 Expression Patterns in Four-week-old Rosettes
In Phase I leaves of the rosette, AtCSLA7 promoter-GUS expression was observed in
the apex (Fig. 60A). Phase II leaves had distinct expression in the trichome socketassociated cells in the proximal portion of the leaves (Fig. 60B) and expression was observed
in the trichomes that had developed branches (not shown).

Figure 60. AtCSLA7 promoter-GUS fusion expression in seven developmental phases of four-weekold rosettes. One representative leaf is shown from each developmental phase. A, Phase I. B, Phase II.
C, Phase III. D, Phase IV. E, Phase V. F, Phase VI. G, Phase VII. 1 hour GUS staining assay; 37°C
incubation period.

Older Phase II leaves had trichome socket-associated expression (Fig. 61) throughout
the leaf but not in the apical zone. Trichomes that were not fully mature but had developed
branches also had observable expression (not shown). Guard cell expression was observed
throughout the leaves but was not isolated to a specific developmental phase, and expression
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was rarely observed in their subsidiary cells and never observed in the meristemoids (Fig.
62).

Figure 61. AtCSLA7 promoter-GUS fusion expression in a Phase II four-week rosette leaf. (A)
trichome cell. (B) socket cells surrounding the trichome. 1 hour GUS staining assay; 37°C incubation
period.

Figure 62. AtCSLA7 promoter-GUS fusion expression in guard cells of a Phase II four-week rosette
leaf. 1 hour GUS staining assay; 37°C incubation period.

82

In Phase III leaves, expression was observed in the trichome socket-associated cells
on the distal portion of the leaves (Fig. 60C). Expression was observed in the majority of
trichomes that had undergone branch development and maturation (Fig. 63). Guard cells and
their subsidiary cells had observable expression not isolated to a particular developmental
phase (not shown). Expression was not seen in the meristemoids (not shown) and ground
tissue expression was observed everywhere but the central, midvein region of the leaves (not
shown). Expression observed in all of the veins, non-specific apical cells, and hydathodes
(not shown).

Figure 63. AtCSLA7 promoter-GUS fusion expression in trichomes of a Phase III four-week rosette
leaf. 1 hour GUS staining assay; 37°C incubation period.

In the younger Phase IV leaves (Fig. 60D), expression was observed in the veins,
trichomes (Fig. 64), and hydathodes (not shown). There was no observable expression in the
epidermal cells around the trichomes (Fig. 64). Expression was observed in a few guard
cells in unidentified developmental phases (not shown). There was a relatively even
distribution of non-specific ground tissue expression throughout the leaf but not in the central
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region and base (not shown). In subsequent Phase IV leaves, expression was only observed
in veins, trichomes, and hydathodes (not shown).

Figure 64. AtCSLA7 promoter-GUS fusion expression in a Phase IV four-week rosette leaf. (A)
trichome. (B) vein. 1 hour GUS staining assay; 37°C incubation period.

In Phase V leaves, expression was observed in the veins and hydathodes and tissues
adjacent to them (Figs. 60E and 65). Expression was also observed in very few trichomes
(not shown).
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Figure 65. AtCSLA7 promoter-GUS fusion expression in a hydathode (A) of a Phase V four-week
rosette leaf. 1 hour GUS staining assay; 37°C incubation period.

In Phase VI leaves, expression was observed in the veins and hydathodes (Fig. 60F).
In Phase VII leaves, expression was observed in the veins and non-specific ground tissue
evenly distributed throughout the leaves (Fig. 60G).

AtCSLA7 Expression Patterns after Seven Weeks of Growth
In seven-week-old plants, AtCSLA7 promoter-GUS expression was observed in the
trichomes, non-specific ground tissue, and vascular tissue of the cauline leaves at the first
(not shown), second (Fig. 66A), and third nodes (not shown). In both mature and juvenile
siliques, expression was observed in the style (not shown) and gynophore (Fig. 66B). Petals
and sepals had non-specific and inconsistent expression that was observed in the vascular
tissue and the ground tissue (Fig. 66C). Expression was observed in the stigma and style of
the carpel (Fig. 66D) and the filament and anther of the stamens (Fig. 66E). Additionally,
expression was observed in the pollen grains within the anthers (Fig. 66F).
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Figure 66. AtCSLA7 promoter-GUS fusion expression in seven-week plants. A, cauline leaf from the
second node. B, mature silique gynophore. C, petal. D, dissected carpel. E, flowers. F, anther and
pollen grains. 18 hour GUS staining assay; 37°C incubation period.

AtCSLA9 Expression Patterns
AtCSLA9 Expression Pattern of Mature Embryos
In mature embryos, expression was observed in the peripheral ground tissue of the
cotyledons, as well as faint detection of expression in the protoderm of the hypocotyl (Fig.
67).

Figure 67. AtCSLA9 promoter-GUS fusion expression in a mature embryo. 1 hour GUS staining
assay; 37°C incubation period.
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AtCSLA9 Expression Patterns from One to Seven Days in 24-hour Continuous Light
Conditions
On day one, there was no observable AtCSLA9 promoter-GUS expression (Fig. 68A).
On day two, expression was observed in the procambium, ground meristem, and protoderm
of the embryonic root, the procambium, ground meristem, and protoderm in the zone of
maturation, the procambium of the hypocotyl, the shoot apical meristem, and the tips of the
cotyledons (Fig. 68B). On day three, the day two expression pattern was retained with the
exception of the cotyledons, where expression was only observed in non-specific ground
tissue (Fig. 68C).
On day four, expression was observed in the vascular tissue of the cotyledons and
non-specific ground tissue of the cotyledons (Fig. 68D) and first true leaves (Fig. 68E).
Expression was also observed in the procambium, ground meristem, and protoderm of the
hypocotyl-root axis, the primary root, and the lateral roots (Fig. 68F).
On day five, the day four expression pattern was retained (Fig. 68, G, H and I), with
the exception of the vascular tissue of the cotyledon, where expression was no longer
observed (Fig. 68G). Additionally, expression was observed in the shoot apical meristem
zone (Fig. 68H) and the trichome socket-associated cells (not shown).
On day six, the day five expression pattern was retained (Fig. 68, J, K and L), with
expression also observed in the non-specific ground tissue of the cotyledons (Fig. 68J) and
the trichomes (not shown). On day seven (Fig. 68, M, N and O), the day six pattern was still
observed.
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Figure 68. AtCSLA9 promoter-GUS fusion expression from day one to day seven under continuous
light growth conditions. A, day one seedling. B, day two seedling. C, day three seedling. D, day four
cotyledon. E, day four apical growth region. F, day four primary and lateral root. G, day five
cotyledon. H, day five apical growth region. I, day five hypocotyl-root axis, lateral roots and primary
root. J, day six cotyledon. K, day six apical growth region. L, day six hypocotyl-root axis, lateral
roots and primary root. M, day seven cotyledon. N, day seven apical growth region. O, day seven
hypocotyl-root axis, lateral roots and primary root. 0.25 hour GUS staining assay; 37°C incubation
period.

88

AtCSLA9 Expression Patterns from One to Five Days in Dark Growth Conditions
On day one, expression was observed in the procambium of the embryonic root (Fig.
69A). On day two, expression was observed in the procambium, ground meristem, and
protoderm of the embryonic root and zone of maturation, the procambium of the hypocotyl,
the shoot apical meristem, the tips of the cotyledons, and non-specific cotyledon ground
tissue (Fig. 69B). The day two pattern was retained on day three, with the exception of the
non-specific cotyledon ground tissue which was devoid of detectable expression (Fig. 69C).
The day three pattern was still observed on day four (Fig. 69D). On day five, expression was
observed in and limited to the procambium, ground meristem, and protoderm of the
embryonic root and zone of maturation, and the procambium of the hypocotyl (Fig. 69E).

Figure 69. AtCSLA9 promoter-GUS fusion expression from day one to day five in dark growth
conditions. A, day one seedling. B, day two seedling. C, day three cotyledons and hypocotyl. D, day
four cotyledons and hypocotyl. E, day five cotyledons and hypocotyl. 0.25 hour GUS staining assay;
37°C incubation period.

AtCSLA9 Expression Patterns in Two-week-old Seedlings
In two-week-old plants, AtCSLA9 promoter-GUS expression was observed in the
procambium, ground meristem, and protoderm of the lateral roots, hypocotyl-root axis, and
root apical meristem (Fig. 70). Expression was also observed in the shoot apical meristem
zone and non-specific ground tissue of the cotyledons and first true leaves (Fig. 71), as well
as the trichome socket-associated cells and in the trichomes (not shown). Guard cell
expression was also observed but could not be isolated to a specific developmental phase and
was not consistently present in all guard cells (Fig. 72), although there were instances where
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expression was found only in guard cells and their sister cells when the sister cells were
undergoing symmetric division (not shown).

Figure 70. AtCSLA9 promoter-GUS fusion expression in a two-week-old hypocotyl, hypocotyl-root
axis, lateral roots and primary root. 1 hour GUS staining assay; 37°C incubation period.

Figure 71. AtCSLA9 promoter-GUS expression in the shoot apical meristem zone in a two-week-old
seedling. 1 hour GUS staining assay; 37°C incubation period.
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Figure 72. AtCSLA9 promoter-GUS fusion expression in a two-week leaf (A) guard cell (B)
subsidiary cell.
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AtCSLA9 Expression Patterns in Four-week-old Rosettes
In the Phase I leaves of the rosette, AtCSLA9 promoter-GUS expression was observed
in the apex (Fig. 73A). Phase II leaves had distinct expression in the trichome socketassociated cells in the proximal portion of the leaves (Fig. 73B) and expression was observed
in the trichomes that had developed branches (Fig. 74). More developed Phase II leaves had
distinct expression in the trichome socket-associated cells throughout the leaves and in
trichomes in the branching phases through maturity (not shown).

Figure 73. AtCSLA9 promoter-GUS fusion expression in seven developmental phases of four-weekold rosettes. One representative leaf is shown from each developmental phase. A, Phase I. B, Phase II.
C, Phase III. D, Phase IV. E, Phase V. F, Phase VI. G, Phase VII. 1 hour GUS staining assay; 37°C
incubation period.
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Figure 74. AtCSLA9 promoter-GUS fusion expression in a young Phase II four-week rosette leaf. (A)
trichome cell. (B) socket cells surrounding the trichome. C, leaf base. 1 hour GUS staining assay;
37°C incubation period.

In Phase III leaves, expression was observed in the trichome socket-associated cells
in the proximal portion of the leaves (Fig. 73C), trichomes in the branching phases through
maturity (Fig. 75), and in the hydathode at the apex (not shown),. Expression was also
observed in guard cells in the lobes and distal portion of the leaves, although the
developmental phase was not determined; there was no detectable expression in the
meristemoids or subsidiary cells (not shown).
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Figure 75. AtCSLA9 promoter-GUS fusion expression in a Phase III four-week rosette leaf. (A)
trichome cell, (B) socket cells surrounding the trichome, (C) leaf base. 1 hour GUS staining assay;
37°C incubation period.

In Phase IV leaves (Fig. 73D), expression was observed in the trichomes, the tertiary
and quaternary veins, the hydathodes (Fig. 76), and non-specific ground tissue at the apex
(not shown).
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Figure 76. AtCSLA9 promoter-GUS fusion expression in the margin of a Phase IV four-week rosette
leaf. 1 hour GUS staining assay; 37°C incubation period.

In Phase V leaves, expression was observed in the trichomes, the veins around the
margins, and the hydathodes (Figs. 73E and 77).

Figure 77. AtCSLA9 promoter-GUS fusion expression in the margin of a Phase V four-week rosette
leaf. 1 hour GUS staining assay; 37°C incubation period.
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In Phase VI leaves, expression was inconsistent and was observed in the veins (Fig.
73F), a few trichomes, and the hydathodes (not shown). One leaf had an artifactual zone
where the staining abruptly disappeared near the apex that was not associated with a change
in cell type (Fig. 77).

Figure 78. AtCSLA9 promoter-GUS fusion expression in a Phase VI four-week rosette leaf. 1 hour
GUS staining assay; 37°C incubation period.

In Phase VII leaves, both leaves had expression observed in the veins (Fig. 73G). In
one of the leaves, expression was also observed in non-specific ground tissue throughout the
leaf (not shown).

AtCSLA9 Expression Patterns after Seven Weeks of Growth
In seven-week-old plants, AtCSLA9 promoter-GUS expression was observed in the
trichomes and non-specific ground tissue of the cauline leaves at the first (Fig. 79A), second,
and third nodes. In both mature (Fig. 79B) and juvenile siliques (Fig. 79C), expression was
observed in the style and gynophore. Juvenile siliques also had observable expression in the
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stigma, the valve, and the replum (Fig. 79C), where this was not detected in mature siliques
(Fig. 79B). Petals and sepals had non-specific and inconsistent expression that was observed
in the vascular tissue and the ground tissue (Fig. 79D). Expression was observed in the
stigma and style of the carpel (Fig. 79E) and the filament and anther of the stamens (Fig.
79F). Additionally, expression was observed in the pollen grains within the anthers (Fig.
79F).

Figure 79. AtCSLA9 promoter-GUS fusion expression in seven-week plants. A, cauline leaf from the
first node. B, mature silique. C, juvenile silique. D, flower. E, stigma and style of carpel. F, anther
and pollen grain. 18 hour GUS staining assay; 37°C incubation period.

AtCSLA10 Expression Patterns
Although the results of the AtCSLA10 promoter-GUS expression patterns are detailed,
it should be taken into account that plants from multiple integration events of the pCAMBIAAtCSLA10 promoter-GUS fusion construct had developmental abnormalities such as extra
cotyledons and leaves. Only plants with unremarkable growth and development were
selected for documentation of expression patterns.
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AtCSLA10 Expression Pattern of Mature Embryos
In mature embryos, faint expression was detected only in the ground meristem of the
cotyledons (Fig. 80).

Figure 80. AtCSLA10 promoter-GUS fusion expression in a mature embryo. 1 hour GUS staining
assay; 37°C incubation period.

AtCSLA10 Expression Patterns from One to Seven Days in 24-hour Continuous Light
Conditions
On day one, there was no observable AtCSLA10 promoter-GUS expression (Fig.
81A). On day two, expression was observed in the procambium of the embryonic root, the
zone of maturation, and the hypocotyl, as well as non-specific cotyledon ground tissue and
the tips of the cotyledons (Fig. 81B). On day three, expression was observed in the
procambium of the hypocotyl and zone of maturation, the shoot apical meristem, and
cotyledon vascular tissue (Fig. 81C).
On day four, expression was observed in non-specific ground tissue and vascular
tissue of the cotyledons (Fig. 81D). Expression was also observed in the shoot apical
meristem, non-specific ground tissue of the first true leaves (Fig. 81E), and the procambium
of the primary root, hypocotyl, and hypocotyl-root axis (Fig. 81F). On day five, the day four
pattern was retained (Fig. 81, G, H and I). On day six (Fig. 81, J, K and L), the day five
pattern was retained. Expression was also observed in the trichome socket-associated cells
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(Fig. 81K), trichomes (not shown), and the procambium of the lateral roots (Fig. 81L). On
day seven, the day six pattern was retained (Fig. 81, M, N and O), with the exception that
trichome expression was not observed (not shown).
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Figure 81. AtCSLA10 promoter-GUS fusion expression from day one to day seven under continuous
light growth conditions. A, day one seedling. B, day two seedling. C, day three seedling. D, day four
cotyledon. E, day four apical growth region. F, day four hypocotyl-root axis, primary root and lateral
roots. G, day five cotyledon. H, day five apical growth region. I, day five hypocotyl-root axis, lateral
roots and primary root. J, day six cotyledon. K, day six apical growth region. L, day six lateral root
and primary root. M, day seven cotyledon. N, day seven apical growth region. O, day seven
hypocotyl-root axis, lateral roots and primary root. 0.5 hour GUS staining assay; 37°C incubation
period.
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AtCSLA10 Expression Patterns from One to Five Days in Dark Growth Conditions
On day one there was no observable AtCSLA10 promoter-GUS expression (Fig. 82A).
On day two, expression was observed in the shoot apical meristem and non-specific ground
tissue of the cotyledons (Fig. 82B). On day three, expression was observed in the
procambium of the hypocotyl (Fig. 82C), the embryonic root, and the zone of maturation (not
shown). The day three pattern was retained on day four, with expression also observed in the
shoot apical meristem and non-specific ground tissue of the cotyledons (Fig. 82D). On day
five, expression was limited to the procambium of the hypocotyl and non-specific ground
tissue of the cotyledons (Fig. 82E).

Figure 82. AtCSLA10 promoter-GUS fusion expression from day one to day five in dark growth
conditions. A, day one seedling. B, day two cotyledons and hypocotyl. C, day three cotyledons and
hypocotyl. D, day four cotyledons and hypocotyl. E, day five cotyledons and hypocotyl. 0.5 hour
GUS staining assay; 37°C incubation period.

AtCSLA10 Expression Patterns in Two-week-old Seedlings
In two week-old plants, AtCSLA10 promoter-GUS expression was observed in the
shoot apical meristem zone and the vascular tissue and non-specific ground tissue of the
cotyledons and first true leaves (Figs. 83 and 84). Guard cell expression was also observed
but could not be isolated to a specific developmental phase and staining was not consistently
observed in all guard cells (not shown).
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Figure 83. AtCSLA10 promoter-GUS expression in the shoot apical meristem zone in a two-week-old
seedling. 1 hour GUS staining assay; 37°C incubation period.

Figure 84. AtCSLA10 promoter-GUS fusion expression in the vascular tissue of a two-week leaf
under high magnification. 1 hour GUS staining assay; 37°C incubation period.
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AtCSLA10 Expression Patterns in Four-week-old Rosettes
In Phase I and Phase II leaves, expression was observed in the apex, the trichome
socket-associated cells in the proximal portion of the leaf (Fig. 85, A and B), and in
branching trichomes that had not fully matured (not shown).

Figure 85. AtCSLA10 promoter-GUS fusion expression in seven developmental phases of four-weekold rosettes. One representative leaf is shown from each developmental phase. A, Phase I. B, Phase II.
C, Phase III. D, Phase IV. E, Phase V. F, Phase VI. G, Phase VII. 1 hour GUS staining assay; 37°C
incubation period.

In Phase III leaves, there was observable expression in the trichome socket-associated
cells at inconsistent locations (Fig. 85C). Guard cell expression was observed, with distinct
expression in the ventral walls surrounding the stomatal pore (Fig. 86). Non-specific ground
tissue expression was observed throughout the leaves (except at the base) and was highly
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concentrated around the apex (not shown). In later Phase III development, expression was
observed in guard cells and their subsidiary cells at a higher frequency in the proximal
portion of the leaves (not shown).

Figure 86. AtCSLA10 promoter-GUS fusion expression in a Phase III four-week rosette leaf. (A)
guard cell, (B) stomatal pore of a guard cell. 1 hour GUS staining assay; 37°C incubation period.

In Phase IV leaves, expression was observed in the veins and evenly distributed in
intensity in non-specific ground tissue throughout the leaves (Figs. 85D and 87). Expression
was observed in all of the guard cells in the proximal portions of the leaves and lobes, with
intense expression in the thickened walls of the stomatal pores (not shown).
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Figure 87. AtCSLA10 promoter-GUS fusion expression in a Phase IV four-week rosette leaf midvein.
1 hour GUS staining assay; 37°C incubation period.

In the younger Phase V leaves, expression was observed in non-specific cells over the
entire leaf, except in the petiole and midvein region (Figs. 85E and 88). Expression was
observed in all of the guard cells in the proximal portions of the leaves and lobes with intense
expression in the thickened walls of the stomatal pores (not shown). In the older Phase V
leaves, nondescript expression was observed in cells around the margins of the leaves and in
the peripheral veins (not shown).
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Figure 88. AtCSLA10 promoter-GUS fusion expression in a Phase V four-week rosette leaf midvein.
1 hour GUS staining assay; 37°C incubation period.

In Phase VI leaves, expression was evenly distributed throughout the leaf and specific
cell types could not be identified (Fig. 85F). Phase VII leaves were inconsistent; one leaf had
the same pattern as Phase VI (not shown) and the other had expression observed in the veins,
the hydathode of the apex, and the tissues adjacent to them (Figs. 85G and 89).

Figure 89. AtCSLA10 promoter-GUS fusion expression in a Phase VII four-week rosette leaf. (A)
apical hydathode of the cotyledon. 1 hour GUS staining assay; 37°C incubation period.
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AtCSLA10 Expression Patterns after Seven Weeks of Growth
In seven-week-old plants, AtCSLA10 promoter-GUS expression was observed in the
vascular tissue of the cauline leaves at the first (Fig. 90A), second, and third nodes (not
shown). In both mature and juvenile siliques, expression was observed in the style and
gynophore (Fig. 90, B and C). Juvenile siliques also had detectable expression in the replum
and valve (Fig. 90C) and this was not detected in the mature siliques (Fig. 90B). Petals and
sepals had non-specific and inconsistent expression that was observed in the vascular tissue
and the ground tissue (Fig. 90, D and E). Expression was observed in the style of the carpel
and the filament of the stamens (Fig. 90F).

Figure 90. AtCSLA10 promoter-GUS fusion expression in seven-week plants. A, cauline leaf from
the first node. B, mature silique. C, juvenile silique gynophore. D, petal. E, petal. F, stamen. 18 hour
GUS staining assay; 37°C incubation period.
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AtCSLA11 Expression Patterns
AtCSLA11 Expression Pattern of Mature Embryos
In mature embryos, there was no observable expression (Fig. 91).

Figure 91. AtCSLA11 promoter-GUS fusion expression in a mature embryo. 1 hour GUS staining
assay; 37°C incubation period.

AtCSLA11 Expression Patterns from One to Seven Days in 24-hour Continuous Light
Conditions
On day one, there was no observable AtCSLA11 promoter-GUS expression (Fig.
92A). On day two, expression was observed in the procambium of the embryonic root,
hypocotyl, and zone of maturation (Fig. 92B). It was also observed in the tips of the
cotyledons and the procambium, ground meristem, and protoderm of the root apical meristem
(Fig. 92B). On day three, expression was observed in the procambium, ground meristem, and
protoderm of the zone of maturation and the root apical meristem (Fig. 92C). Expression
was also observed in the procambium of the embryonic root, the procambium of the
hypocotyl, and the ground tissue and vascular tissue of the cotyledons (Fig. 92C).
On day four, expression was observed in the procambium of the primary root and
hypocotyl-root axis (not shown). It was also observed in non-specific ground tissue of the
cotyledons (Fig. 92D) but was not detected in the shoot apical meristem (Fig. 92E).
Expression was observed in the procambium, ground meristem, and protoderm of the root
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apical meristem (Fig. 92F). On day five, expression was observed in the procambium of the
primary root, the procambium of the hypocotyl-root axis (not shown), non-specific ground
tissue and vascular tissue of the cotyledons (Fig. 92G), the procambium of the hypocotyl (not
shown), the shoot apical meristem zone, and non-specific ground tissue in the first true leaves
(Fig. 92H). It was also observed in the procambium, ground meristem, and protoderm in the
root apical meristem (Fig. 92I). On day six, the day five expression pattern was retained (Fig.
92, J, K and L), with expression also being observed in the procambium of the lateral roots
(not shown). On day seven, the day six pattern was retained (Fig. 67, M, N and O), but
additional expression was observed in the protoderm and ground meristem of the hypocotylroot axis and the trichome socket-associated cells, as well as in the trichomes (not shown).
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Figure 92. AtCSLA11 promoter-GUS fusion expression from day one to day seven under continuous
light growth conditions. A, day one seedling. B, day two seedling. C, day three seedling. D, day four
cotyledon. E, day four apical growth region. F, day four root apical meristem. G, day five cotyledon.
H, day five apical growth region. I, day five root apical meristem. J, day six cotyledon. K, day six
apical growth region. L, day six root apical meristem. M, day seven cotyledon. N, day seven apical
growth region. O, day seven root apical meristem. 1 hour GUS staining assay; 37°C incubation
period.

AtCSLA11 Expression Patterns from One to Five Days in Dark Growth Conditions
On day one, AtCSLA11 promoter-GUS expression was observed in the procambium
of the embryonic root (Fig. 93A). On day two, expression was observed in the procambium,
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ground meristem, and protoderm of the root apical meristem (Fig. 93B). On day three and
day four, there was no observable expression (Fig. 93, C and D). On day five, expression
was observed in the procambium of the hypocotyl (Fig. 93E), the procambium of the zone of
maturation, and the procambium, ground meristem, and protoderm of the root apical
meristem (not shown).

Figure 93. AtCSLA11 promoter-GUS fusion expression from day one to day five in dark growth
conditions. A, day one seedling. B, day two root apical meristem. C, day three cotyledons and
hypocotyl. D, day four cotyledons and hypocotyl. E, day five seedling. 1 hour GUS staining assay;
37°C incubation period.

AtCSLA11 Expression Patterns in Two-week-old Seedlings
In two-week-old plants, AtCSLA11 promoter-GUS expression was observed in nonspecific ground tissue and in vascular tissue of the cotyledons (Fig. 94) and non-specific
ground tissue and vascular tissue in the first true leaves (Fig. 95). Expression was also
observed in the procambium of the hypocotyl-root axis, the procambium of the lateral roots,
and the shoot apical meristem zone (not shown). Expression was also observed in the
procambium, ground meristem, and protoderm of the root apical meristem (Fig. 96).
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Figure 94. AtCSLA11 promoter-GUS fusion expression in a two-week-old cotyledon. 1 hour GUS
staining assay; 37°C incubation period.

Figure 95. AtCSLA11 promoter-GUS fusion expression in a two-week-old true leaf. 1 hour GUS
staining assay; 37°C incubation period.
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Figure 96. AtCSLA11 promoter-GUS fusion expression in a two-week primary root apical meristem.
1 hour GUS staining assay; 37°C incubation period.

AtCSLA11 Expression Patterns in Four-week-old Rosettes
In the Phase I leaf of the rosette, AtCSLA11 promoter-GUS expression was observed
in the apex (Fig. 97A). In Phase II leaves, expression was observed in the apex (Fig. 97B),
the trichome socket-associated cells in the distal portion of the leaves, and in trichomes from
branching development to maturity (Fig. 98). Expression was also observed in guard cells
and subsidiary cells on the lobes of the leaves (not shown).
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Figure 97. AtCSLA11 promoter-GUS fusion expression in seven developmental phases of four-weekold rosettes. One representative leaf is shown from each developmental phase. A, Phase I. B, Phase II.
C, Phase III. D, Phase IV. E, Phase V. F, Phase VI. G, Phase VII. 2 hour GUS staining assay; 37°C
incubation period.
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Figure 98. AtCSLA11 promoter-GUS fusion expression in a Phase II four-week rosette leaf. (A) leaf
apex, (B) leaf base. 2 hour GUS staining assay; 37°C incubation period.

In Phase III leaves, expression was observed in the trichome socket-associated cells
in the distal portion of the leaves (Figs. 97C and 99), the hydathodes (not shown), and the
veins (Fig. 97C). Guard cell expression was observed in the lobes and apex but
developmental phase was not determined and non-specific expression was observed in some
subsidiary cells (not shown).
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Figure 99. AtCSLA11 promoter-GUS fusion expression in a Phase III four-week rosette leaf. (A)
trichome cell. 2 hour GUS staining assay; 37°C incubation period.

The Phase IV leaves had observable expression in the trichomes (Fig. 100), the
midvein, the peripheral veins (Fig. 100), and the hydathodes (not shown). Non-specific
expression was observed throughout the leaf but not in the central region (Fig. 97D). Guard
cell and subsidiary cell expression was also observed in the lobes but not the apex (not
shown).
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Figure 100. AtCSLA11 promoter-GUS fusion expression in a Phase III four-week rosette leaf. (A)
vein. (B) trichome. 2 hour GUS staining assay; 37°C incubation period.

Expression was observed in the veins of younger Phase V leaves but not the midvein
and the vein portions closest to it (Fig. 97E). Expression was also observed in the trichomes
but in fewer numbers of trichomes compared to the younger expanded leaves (not shown).
Expression was also observed in the hydathodes and non-specific cells around the margins of
the leaves (Fig. 101). In older Phase V leaves, expression was observed in the hydathodes
and the veins closely connected to them (not shown). Expression was also observed in the
veins at the apex (not shown).
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Figure 101. AtCSLA11 promoter-GUS fusion expression in a hydathode (A) of a Phase V four-week
rosette leaf. 2 hour GUS staining assay; 37°C incubation period.

Phase VI leaves had observable expression in the hydathodes and veins, except for
the midvein region and base (Fig. 97F). Cells adjacent to veins with detectable expression
also had detectable expression (not shown).
In Phase VII leaves, expression was observed in the veins (Fig. 97G). Expression
was consistently observed throughout the entire leaf, but specific cell types could not be
determined (Fig. 97G).

AtCSLA11 Expression Patterns after Seven Weeks of Growth
In seven-week-old plants, AtCSLA11 promoter-GUS expression was observed in nonspecific ground tissue of the cauline leaves at the first, second (Fig. 102A), and third nodes.
Expression was observed in the style in both mature (Fig. 102B) and juvenile siliques (not
shown). Juvenile siliques also had observable expression in the replum and valve (Fig.
102C), where this was not detected in the mature siliques (not shown). Petals and sepals had
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non-specific and inconsistent expression that was observed in the vascular tissue and the
ground tissue (Fig. 102D). Expression was also observed in the style of the carpel (Fig.
102E) and the filament of the stamen (Fig. 102F).

Figure 102. AtCSLA11 promoter-GUS fusion expression in seven-week plants. A, cauline leaf from
the second node. B, mature silique. C, juvenile silique gynophore. D, flower. E, carpel stigma and
style. F, stamen. 18 hour GUS staining assay; 37°C incubation period.

AtCSLA14 Expression Patterns
AtCSLA14 Expression Pattern of Mature Embryos
In mature embryos, expression was observed throughout all of the cotyledon tissue
(Fig. 103).

Figure 103. AtCSLA14 promoter-GUS fusion expression in a mature embryo. 1 hour GUS staining
assay; 37°C incubation period.
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AtCSLA14 Expression Patterns from One to Seven Days in 24-hour Continuous Light
Conditions
On day one, AtCSLA14 promoter-GUS expression was observed in the protoderm in
the zone of maturation, the apical meristem, and ground tissue of the cotyledons (Fig. 104A).
On day two, expression was observed in the procambium of the embryonic root, the
protoderm, and procambium of the zone of maturation, the shoot apical meristem zone, and
the tips of the cotyledons (Fig. 104B).

On day three, expression was observed in the

procambium of the zone of maturation, the shoot apical meristem zone, and the cotyledon
vascular tissue (Fig. 104C).
On day four, expression was observed in the protoderm and procambium of the
hypocotyl-root axis (not shown), the cotyledon vascular tissue (Fig. 104D), the procambium
of the hypocotyl (not shown), the shoot apical meristem zone, non-specific ground tissue of
the first true leaves (Fig. 104E), and the procambium of the primary root (Fig. 104F). On day
five, the day four pattern was retained (Fig. 104, G, H and I), with the exception of the
protoderm of the hypocotyl-root axis where expression was no longer observable (not
shown).
On day six, expression was observed in the cotyledon vascular tissue (Fig. 104J), the
shoot apical meristem zone, non-specific ground tissue of the first true leaves (Fig. 104K),
and in trichome socket-associated cells (not shown). Expression was also observed in the
procambium of the hypocotyl-root axis, the procambium of the lateral roots (Fig. 104L), and
the procambium of the hypocotyl (not shown). On day seven, the day six pattern was
retained (Fig. 104, M, N and O). Expression was also observed in non-specific ground tissue
in the cotyledons (Fig. 104M) and the procambium of the primary root (Fig. 104O).
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Figure 104. AtCSLA14 promoter-GUS fusion expression from day one to day seven under continuous
light growth conditions. A, day one seedling. B, day two seedling. C, day three seedling. D, day four
cotyledon. E, day four apical growth region. F, day four primary root and lateral root buds. G, day
five cotyledon. H, day five apical growth region. I, day five lateral roots and primary root. J, day six
cotyledon. K, day six apical growth region. L, day six hypocotyl-root axis, lateral roots and primary
root. M, day seven cotyledon. N, day seven apical growth region. O, day seven hypocotyl-root axis,
lateral roots and primary root. 0.5 hour GUS staining assay; 37°C incubation period.
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AtCSLA14 Expression Patterns from One to Seven Days in Dark Growth Conditions
On day one, AtCSLA14 promoter-GUS expression was observed in the protoderm of
the embryonic root and non-specific ground tissue of the cotyledons (Fig. 105A). On day
two, expression was observed in the tips of the cotyledons, the shoot apical meristem zone,
and the protoderm of the zone of maturation (Fig. 105B). On day three, expression was only
observed in the shoot apical meristem zone (Fig. 105C). On day four, expression was
observed in the non-specific ground tissue of the cotyledons, the tips of the cotyledons, the
shoot apical meristem zone (Fig. 105D), and very faintly in the protoderm of the zone of
maturation (not shown). On day five, expression was limited to the non-specific ground
tissue of the cotyledons (Fig. 105E).

Figure 105. AtCSLA14 promoter-GUS fusion expression from day one to day five in dark growth
conditions. A, day one seedling. B, day two cotyledons and hypocotyl. C, day three cotyledons and
hypocotyl. D, day four cotyledons and hypocotyl. E, day five cotyledons and hypocotyl. 0.5 hour
GUS staining assay; 37°C incubation period.

AtCSLA14 Expression Patterns in Two-week-old Seedlings
In the two-week-old plants, AtCSLA14 promoter-GUS expression was observed in the
procambium of the hypocotyl and the hypocotyl-root axis (Fig. 106), the procambium of the
lateral roots (not shown), and the procambium of the root apical meristem (not shown).
Expression was also observed the shoot apical meristem zone (not shown) and non-specific
ground tissue and vascular tissue of the cotyledons (Fig. 107). In the first true leaves,
expression was observed in non-specific ground tissue and vascular tissue (not shown), the
trichome socket-associated cells (not shown), and the trichomes (not shown). Guard cell
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expression was also observed but could not be isolated to a specific developmental phase and
was not consistently in all guard cells (Fig. 108).

Figure 106. AtCSLA14 promoter-GUS fusion expression in a two-week (A) hypocotyl (B) hypocotylroot axis and (C) primary root. 1 hour GUS staining assay; 37°C incubation period.

Figure 107. AtCSLA14 promoter-GUS fusion expression in a two-week cotyledon. 1 hour GUS
staining assay; 37°C incubation period.
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Figure 108. AtCSLA14 promoter-GUS fusion expression in guard cells of a two-week-old cotyledon.
1 hour GUS staining assay; 37°C incubation period.

AtCSLA14 Expression Patterns in Four-week-old Rosettes
In the Phase I leaves of the rosette, AtCSLA14 promoter-GUS expression was
observed in the apex, the trichome socket-associated cells in the proximal portion of the leaf
(Figs. 109A and 110), and in the trichomes from branching development to maturity (not
shown).
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Figure 109. AtCSLA14 promoter-GUS fusion expression in seven developmental phases of fourweek-old rosettes. One representative leaf is shown from each developmental phase. A, Phase I. B,
Phase II. C, Phase III. D, Phase IV. E, Phase V. F, Phase VI. G, Phase VII. 2 hour GUS staining
assay; 37°C incubation period.
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Figure 110. AtCSLA14 promoter-GUS fusion expression in a Phase I four-week rosette leaf. (A) leaf
base. (B) leaf apex. 2 hour GUS staining assay; 37°C incubation period.

The Phase II leaves had observable expression in the apex, the trichome socketassociated cells throughout the leaf (Fig. 109B), and in trichomes from branching
development to maturity (Fig. 111).

Figure 111. AtCSLA14 promoter-GUS fusion expression in a Phase II four-week rosette leaf. (A) leaf
apex. 2 hour GUS staining assay; 37°C incubation period.
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In Phase III leaves, expression patterns were the same as Phase II leaves, but the
trichome socket-associated cells were located only in the proximal half of the leaf around the
base (Fig. 109C). Expression was also observed in the hydathodes, veins, and guard cells in
the lobes and apex (not shown).
In the youngest Phase IV leaf, expression was observed in the veins, hydathodes, and
all trichomes (not shown). In older Phase IV leaves, expression was observed in the
trichomes (Fig. 112), hydathodes, and veins, except the midvein (Fig. 109D). In the oldest
Phase IV leaf, expression was observed in all of the cells in the lobes but not detected in
other regions of the leaf (not shown).

Figure 112. AtCSLA14 promoter-GUS fusion expression in a Phase IV four-week rosette leaf. 2 hour
GUS staining assay; 37°C incubation period.

In Phase V and Phase VI leaves, expression was observed in nondescript veins around
the margins in inconsistent positions on each leaf (Fig. 109, E and F). Expression was also
observed in very low numbers of trichomes and hydathodes (not shown). In the Phase VII
leaf, expression was observed only in the base of the midvein of the petiole (Fig. 109G).
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AtCSLA14 Expression Patterns after Seven Weeks of Growth
In the seven-week-old plants, AtCSLA14 promoter-GUS expression was observed in
the trichomes and non-specific ground tissue and vascular tissue of the cauline leaves at the
first, second, and third nodes (not shown). In both mature and juvenile siliques, expression
was observed in the style (Fig. 113A) and gynophore (Fig. 113, B and C). Juvenile siliques
also had observable expression in the replum (Fig. 113C) while this was not detected in the
mature siliques (Fig. 113, A and B). Petals and sepals had non-specific and inconsistent
expression that was observed in the vascular tissue and ground tissue (Fig. 113D).
Expression was observed in the style of the carpel (Fig. 113E) and the filament of the stamen
(Fig. 113F). Additionally, expression was observed in the pollen grains within the anthers
(not shown).

Figure 113. AtCSLA14 promoter-GUS fusion expression in seven-week plants. A, mature silique. B,
mature silique gynophore. C, juvenile silique. D, flower. E, carpel stigma and style. F, stamen. 18
hour GUS staining assay; 37°C incubation period.
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AtCSLA15 Expression Patterns
AtCSLA15 Expression Pattern of Mature Embryos
In mature embryos, expression was observed throughout all of the cotyledon tissue
and the procambium of the hypocotyl (Fig. 114).

Figure 114. AtCSLA15 promoter-GUS fusion expression in a mature embryo. 1 hour GUS staining
assay; 37°C incubation period.

AtCSLA15 Expression Patterns from One to Seven Days in 24-hour Continuous Light
Conditions
On day one, AtCSLA15 promoter-GUS expression was observed in the procambium
of the embryonic root, the procambium in the zone of maturation, the procambium of the
hypocotyl, the apical meristem, and the tips of the cotyledons (Fig. 115A). On day two,
expression was observed in the procambium of the embryonic root, the procambium of the
zone of maturation, the procambium of the hypocotyl, and the tips of the cotyledons (Fig.
115B). On day three, expression was observed in the procambium of the embryonic root, the
procambium of the zone of maturation, the shoot apical meristem zone, the procambium of
the hypocotyl, and the vascular tissue of the cotyledons (Fig. 115C).
On day four, the day three pattern was retained (Fig. 115, D and F) and expression
was also observed in the non-specific ground tissue of the first true leaves (Fig. 115E). On
day five, the day four pattern was retained (Fig. 115, G and I), with expression also observed
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in the trichome socket-associated cells (not shown). On day six, the day five pattern was
retained (Fig. 115, J, K and L), with the exception of the trichome socket-associated cells,
where expression was no longer detected (not shown). On day seven, the expression pattern
was identical to the day six expression pattern (Fig. 115, M, N and O).
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Figure 115. AtCSLA15 promoter-GUS fusion expression from day one to day seven under continuous
light growth conditions. A, day one seedling. B, day two seedling. C, day three seedling. D, day four
cotyledon. E, day four apical growth region. F, day four primary root and lateral roots. G, day five
cotyledon. H, day five apical growth region. I, day five hypocotyl-root axis, lateral root and primary
root. J, day six cotyledon. K, day six apical growth region. L, day six hypocotyl-root axis and primary
root. M, day seven cotyledon. N, day seven apical growth region. O, day seven hypocotyl-root axis,
lateral roots and primary root. 0.5 hour GUS staining assay; 37°C incubation period.
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AtCSLA15 Expression Patterns from One to Five Days in Dark Growth Conditions
On day one, AtCSLA15 promoter-GUS expression was observed in the procambium
of the hypocotyl and non-specific ground tissue of the cotyledons (Fig. 116A). On day two,
expression was observed in the procambium of the hypocotyl, non-specific ground tissue of
the cotyledons, the tips of the cotyledons, the shoot apical meristem zone, and the
procambium of the zone of maturation (Fig. 116B). On day three, expression was observed
in the procambium of the hypocotyl (Fig. 116C) and the procambium of the zone of
maturation (not shown). The day three expression patterns were retained on day four, with
expression also observed in the shoot apical meristem zone (Fig. 116D). On day five, there
was no observable expression (Fig. 116E).

Figure 116. AtCSLA15 promoter-GUS fusion expression from day one to day five in dark growth
conditions. A, day one seedling. B, day two cotyledons and hypocotyl. C, day three cotyledons and
hypocotyl. D, day four cotyledons and hypocotyl. E, day five cotyledons and hypocotyl. 0.5 hour
GUS staining assay; 37°C incubation period.

AtCSLA15 Expression Patterns in Two-week-old Seedlings
In the two-week-old plants, AtCSLA15 promoter-GUS expression was observed in the
procambium of the hypocotyl-root axis, the procambium of the lateral roots (Fig. 117), and
the procambium of the root apical meristem (Fig. 118). Expression was also observed in the
shoot apical meristem zone, non-specific ground tissue and vascular tissue of the cotyledons
(not shown), non-specific ground tissue and vascular tissue of the first true leaves (Fig. 119),
trichome socket-associated cells, and trichomes (not shown). Guard cell expression was also
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observed but could not be isolated to a specific developmental phase and was not consistently
observed in all guard cells (not shown).

Figure 117. AtCSLA15 promoter-GUS fusion expression in a two-week (A) hypocotyl (B) hypocotylroot axis (C) primary root and (D) lateral root. 1 hour GUS staining assay; 37°C incubation period.

Figure 118. AtCSLA15 promoter-GUS fusion expression in a two-week root apical meristem. 1 hour
GUS staining assay; 37°C incubation period.
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Figure 119. AtCSLA15 promoter-GUS fusion expression in a two-week juvenile leaf. (A) leaf apex,
(B) trichome, (C) leaf base. 1 hour GUS staining assay; 37°C incubation period.

AtCSLA15 Expression Patterns in Four-week-old Rosettes
In the Phase I leaves of the rosette, AtCSLA15 promoter-GUS expression was
observed in the apex, the trichome socket-associated cells throughout the leaf (Fig. 120A),
and in trichomes from branching development to maturity (not shown). In younger Phase II
leaves, the expression pattern was the same as the Phase I leaves (not shown). In older Phase
II leaves, expression was observed in the apex (Fig. 120B), the trichome socket-associated
cells in the distal portion of the leaf around the base (Fig. 121), and in the trichomes from
branching development to maturity (not shown).
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Figure 120. AtCSLA15 promoter-GUS fusion expression in seven developmental phases of fourweek-old rosettes. One representative leaf is shown from each developmental phase. A, Phase I. B,
Phase II. C, Phase III. D, Phase IV. E, Phase V. F, Phase VI. G, Phase VII. 2 hour GUS staining
assay; 37°C incubation period.

135

Figure 121. AtCSLA15 promoter-GUS fusion expression in a Phase II four-week rosette leaf. (A)
trichome cell. 2 hour GUS staining assay; 37°C incubation period.

In Phase III leaves, expression was observed in the apex (Fig. 120C), the trichome
socket-associated cells at the base of the leaf, the hydathodes (not shown), trichomes from
branching development to maturity, and the veins (Fig. 122). Expression was also observed
in the guard cells where asymmetric division was occurring (Fig. 123).

Figure 122. AtCSLA15 promoter-GUS fusion expression in the margin of a Phase III four-week
rosette leaf. (A) trichome, (B) vein. 2 hour GUS staining assay; 37°C incubation period.
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Figure 123. AtCSLA15 promoter-GUS fusion expression in Phase III four-week rosette leaves. (A)
guard cell, (B) meristemoid cell. 2 hour GUS staining assay; 37°C incubation period.

In young Phase IV leaves, nondescript ground tissue expression was observed in the
apex and lobes (Fig. 120D). Expression was also observed in the trichomes (Fig. 124A),
veins (Fig. 124B), and hydathodes (not shown). Guard cell expression was observed in the
apex and lobes but could not be identified in a specific developmental phase and was not
observed in meristemoids or fully mature guard cells (Fig. 124C). Expression did appear to
be more intense in the ventral walls surrounding the stomatal pores of guard cells as they
were nearing maturity (not shown). In older Phase IV leaves, expression was observed in the
trichomes (Fig. 125A), hydathodes (Fig. 125B), and veins (Fig. 125C), but expression was
not observed in the midvein near the apex or base (Fig. 125D), only the central portion of the
leaf (not shown). Auxiliary veins around the base and petiole were also devoid of detectable
expression (not shown).
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Figure 124. AtCSLA15 promoter-GUS fusion expression in a Phase IV four-week rosette leaf. (A)
trichome, (B) vein, (C) guard cell. 2 hour GUS staining assay; 37°C incubation period.

Figure 125. AtCSLA15 promoter-GUS fusion expression in a Phase IV four-week rosette leaf. (A)
trichome, (B) vein, (C) hydathode, (D) midvein. 2 hour GUS staining assay; 37°C incubation period.
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In Phase V leaves, expression was observed in only a few of the trichomes (not
shown) and in inconsistent portions of the veins (Fig. 120E). Expression was observed in the
hydathodes and the cells and veins adjacent to them (Fig. 126).

Figure 126. AtCSLA15 promoter-GUS fusion expression in a hydathode (A) of a Phase V four-week
rosette leaf. 2 hour GUS staining assay; 37°C incubation period.

In Phase VI leaves, expression was observed in some hydathodes and surrounding
cells and veins but not consistently (Fig. 120F). In Phase VII leaves, expression was
observed in inconsistent portions of the veins and surrounding cells (Fig. 120G).

AtCSLA15 Expression Patterns after Seven Weeks of Growth
In the seven-week-old plants, AtCSLA15 promoter-GUS expression was observed in
the trichomes, non-specific ground tissue, and vascular tissue of the cauline leaves at the first
(Fig. 127A), second, and third nodes. In both mature and juvenile siliques, expression was
observed in the style (not shown) and gynophore (Fig. 127, B and C). Juvenile siliques also
had observable expression in the replum (Fig. 127C), while this was not detected in the
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mature siliques (Fig. 127B). Petals had expression that was observed in the vascular tissue
(Fig. 127D). Sepals had observable expression in the vascular tissue and non-specific ground
tissue (Fig. 127E). Expression was observed in the style of the carpel (Fig. 127E) and the
filament of the stamen (Fig. 127F). Additionally, expression was observed in the pollen
grains within the anthers (not shown).

Figure 127. AtCSLA15 promoter-GUS fusion expression in seven-week plants. A, cauline leaf from
the first node. B, mature silique gynophore. C, juvenile silique gynophore. D, petal. E, flower. F,
stamen. 18 hour GUS staining assay; 37°C incubation period.

AtCSLA7 and AtCSLA9 Developing Embryos
Developing seeds were dissected from siliques and cleared of their seed coats to
examine the expression patterns of AtCSLA7 and AtCSLA9 promoter-GUS fusions in
Arabidopsis developing embryos. Expression of AtCSLA7 promoter-GUS and AtCSLA9
promoter-GUS were observable in the dermatogen stage (Fig. 128, A and E). In the late
heart stage, AtCSLA7 promoter-GUS expression was observed (Fig. 128B) but AtCSLA9
expression was not (Fig. 128F). Early torpedo phase embryos were not recovered for
AtCSLA7. There was no observable expression in the late torpedo and bent cotyledon stages
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(Fig. 128, C and D). AtCSLA9 promoter-GUS expression was detected in early embryonic
development but not observed in the early heart phase of development. AtCSLA9 promoterGUS expression was also observed in all of the cotyledon precursor tissue (Fig. 128, G and
H).

Figure 128. AtCSLA7 and AtCSLA9 promoter-GUS expression in developing embryos. A-D,
AtCSLA7 promoter-GUS expression patterns. E-H, AtCSLA9 promoter-GUS expression patterns.
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Comparative Analysis of CSLA Promoter-GUS Fusion Expression throughout
Development
Mature Embryos
In embryos that had reached maturity, but had not yet germinated there was clear
overlap in CSLA promoter-GUS expression patterns (Table 7). AtCSLA1, -2, -3, -9, -10, -14,
and -15 promoter-GUS fusions all were expressed in the cotyledons of the mature embryo,
suggesting that there is overlap in the role of the protein products of these genes in cotyledon
cell wall development.

Hypocotyl
Procambium

Hypocotyl Protoderm

Cotyledon Ground
Meristem

Cotyledon Protoderm

Cotyledon Peripheral
Ground tissue

Gene

Table 7. Mature embryo expression patterns. Shaded boxes indicate regions of the embryo where
CSLA promoter-GUS fusion expression was observed.

AtCSLA1
AtCSLA2
AtCSLA3
AtCSLA7
AtCSLA9
AtCSLA10
AtCSLA11
AtCSLA14
AtCSLA15
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Seven Days in 24-hour Continuous Light Conditions
A series of tables has been generated documenting the expression patterns for all nine
CSLA promoter-GUS fusions for each day of post-stratification light growth (Table 8-14).
On day one, there was no observable expression of AtCSLA9, -10, and -11 (Table 8).
AtCSLA1, -2, -3, -7, and -15 promoter-GUS fusions had expression in the procambium of the
embryonic root and the tips of the cotyledons. AtCSLA1, -2, -7, and -15 promoter-GUS
fusions had expression in the procambium of the hypocotyl and procambium of the zone of
maturation. AtCSLA1, -7, and -14 promoter-GUS fusions had expression in the protoderm of
the zone of maturation. AtCSLA1 and AtCSLA2 promoter-GUS fusions were expressed in the
ground meristem of the zone of maturation. AtCSLA1, -14, and -15 promoter-GUS fusions
were expressed in the shoot apical meristem. AtCSLA1, -2, and -14 promoter-GUS fusions
were expressed in the ground tissue of the cotyledons.
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Procambium of
Embryonic Root

Zone of Maturation
Procambium

Zone of Maturation
Ground Meristem

Zone of Maturation
Protoderm

Hypocotyl
Procambium

Cotyledon Ground
tissue

Tips of the
Cotyledons

Shoot Apical
Meristem

Gene

Table 8. Expression patterns observed after one day of growth in continuous light. Shaded boxes
indicate regions of the seedling where CSLA promoter-GUS fusion expression was observed.

AtCSLA1
AtCSLA2
AtCSLA3
AtCSLA7
AtCSLA9
AtCSLA10
AtCSLA11
AtCSLA14
AtCSLA15

On day two, expression was observed in the procambium of the embryonic root and
procambium of the zone of maturation for all of the CSLA promoter-GUS fusions (Table 9).
AtCSLA1, -2, -9, and -14 promoter-GUS expression was observed in the shoot apical
meristem and the protoderm of the zone of maturation. AtCSLA9 promoter-GUS was the
only expression observed in the protoderm and ground meristem of the embryonic root.
AtCSLA1, -2, and -9 promoter-GUS fusion expression was observed in the ground meristem
of the zone of maturation. AtCSLA1, -2, -7, and -10 promoter-GUS expression was observed
in the ground tissue of the cotyledons. Expression of all of the promoter-GUS fusions,
except AtCSLA1 and AtCSLA3, was observed in the tips of the cotyledons. AtCSLA7, -9, -10,
-11, and -15 promoter-GUS fusions had observable expression in procambium of the
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hypocotyl. The AtCSLA11 promoter-GUS fusion had expression in the entire root apical
meristem.

Root Apical Meristem

Ground Meristem of
Embryonic Root

Protoderm of
Embryonic Root

Procambium of
Embryonic Root

Zone of Maturation
Procambium

Zone of Maturation
Ground Meristem

Zone of Maturation
Protoderm

Hypocotyl Procambium

Cotyledon Ground
tissue

Tips of the Cotyledons

Shoot Apical Meristem

Gene

Table 9. Expression patterns observed after two days of growth in continuous light. Shaded boxes
indicate regions of the seedling where CSLA promoter-GUS fusion expression was observed.

AtCSLA1
AtCSLA2
AtCSLA3
AtCSLA7
AtCSLA9
AtCSLA10
AtCSLA11
AtCSLA14
AtCSLA15

On day three, all of the genes except AtCSLA3 promoter-GUS fusion had expression
observed in the procambium of the zone of maturation (Table 10). AtCSLA9 promoter-GUS
fusion was the only CSLA expression observed in the protoderm and ground meristem of the
embryonic roots and AtCSLA11 promoter-GUS fusion was the only expression observed in
the entire root apical meristem. AtCSLA1, -2, -7, -9, -11, and -15 promoter-GUS fusions
were expressed in the procambium of the embryonic root. AtCSLA1, -2, -7, -9, and -11
promoter-GUS fusions were expressed in the protoderm of the zone of maturation. AtCSLA1,
-2, -9, and -11 promoter-GUS fusions were expressed in the ground meristem of the zone of
maturation and the ground tissue of the cotyledons. Expression of all of the promoter-GUS
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fusions, except AtCSLA3 and AtCSLA11, was observed in the shoot apical meristem.
AtCSLA7, -10, -11, -14, and -15 promoter-GUS fusions were expressed in the vascular tissue
of the cotyledons. AtCSLA2, - 7, -9, -10, -11, and -15 promoter-GUS fusions were expressed
in the procambium of the hypocotyl.

Root Apical Meristem

Ground Meristem of
Embryonic Root

Protoderm of
Embryonic Root

Procambium of
Embryonic Root

Zone of Maturation
Procambium

Zone of Maturation
Ground Meristem

Zone of Maturation
Protoderm

Hypocotyl Procambium

Cotyledon Vascular
Tissue

Cotyledon Ground
tissue

Shoot Apical Meristem

Gene

Table 10. Expression patterns observed after three days of growth in continuous light. Shaded boxes
indicate regions of the seedling where CSLA promoter-GUS fusion expression was observed.

AtCSLA1
AtCSLA2
AtCSLA3
AtCSLA7
AtCSLA9
AtCSLA10
AtCSLA11
AtCSLA14
AtCSLA15

On day four, all of the promoter-GUS fusions were expressed in the procambium of
the primary root and the procambium of the hypocotyl-root axis (Table 11). The AtCSLA9
promoter-GUS fusion had unique expression in the protoderm and ground meristem of the
primary and lateral roots. The AtCSLA11 promoter-GUS fusion was uniquely expressed in
the entire root apical meristem. All of the promoter-GUS fusions, except for AtCSLA3 and
AtCSLA11, had ground tissue expression in the first true leaves. AtCSLA1, -2, -3, -7, and -9
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promoter-GUS fusions were expressed in the procambium of the lateral roots. AtCSLA1, -2, 7, -9, and -14 promoter-GUS fusions were expressed in the protoderm of the hypocotyl-root
axis. AtCSLA1, -2, and -9 promoter-GUS fusions were expressed in the ground meristem of
the hypocotyl-root axis. AtCSLA1, -2, -10, -14, and -15 promoter-GUS fusions were
expressed in the shoot apical meristem region. AtCSLA1, -2, -7, -9, -10, and -11 promoterGUS fusions all had expression in the ground tissue of the cotyledons. AtCSLA7, -9, -10, 14, and -15 promoter-GUS fusions were expressed in the cotyledon vascular tissue.
AtCSLA7, -10, -14, and -15 promoter-GUS fusions were expressed in the hypocotyl
procambium.

1st True Leaves Ground tissue

Lateral Root Protoderm

Lateral Root Ground Meristem

Lateral Root Procambium

Root Apical Meristem

Primary Root Ground
Meristem

Primary Root Protoderm

Primary Root Procambium

Hypocotyl-Root Axis
Protoderm
Hypocotyl-Root Axis Ground
Meristem
Hypocotyl-Root Axis
Procambium

Hypocotyl Procambium

Cotyledon Vascular Tissue

Cotyledon Ground tissue

Shoot Apical Meristem Region

Gene

Table 11. Expression patterns observed after four days of growth in continuous light. Shaded boxes
indicate regions of the seedling where CSLA promoter-GUS fusion expression was observed.

AtCSLA1
AtCSLA2
AtCSLA3
AtCSLA7
AtCSLA9
AtCSLA10
AtCSLA11
AtCSLA14
AtCSLA15
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On day five, the AtCSLA9 promoter-GUS fusion had unique expression in the
protoderm and ground meristem of the primary and lateral roots (Table 12). The AtCSLA11
promoter-GUS fusion was uniquely expressed in the entire root apical meristem zone. All of
the promoter-GUS fusions, except for AtCSLA3, were expressed in the procambium of the
primary root, the procambium of the hypocotyl-root axis, and the ground tissue in the first
true leaves. AtCSLA1, -2, and -9 promoter-GUS fusions were expressed in the protoderm and
ground meristem of the hypocotyl-root axis. AtCSLA2, -9, -10, -11, -14, and -15 promoterGUS fusions were expressed in the shoot apical meristem region. AtCSLA1, -2, -7, -9, -10,
and -11 promoter-GUS fusions were expressed in the ground tissue of the cotyledons. All of
the promoter-GUS fusions, except AtCSLA3 and AtCSLA9, were expressed in the cotyledon
vascular tissue. AtCSLA2, -7, -10, -11, -14, and -15 promoter-GUS fusions were expressed in
the procambium of the hypocotyl. AtCSLA1, -2, -7, and -9 promoter-GUS fusions were
expressed in the lateral root procambium. AtCSLA1, -2, -7, -9, and -15 promoter-GUS
fusions were expressed in the trichome socket-associated cells. AtCSLA1 and AtCSLA2
promoter-GUS fusions were expressed in the trichomes.
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1st True Leaves Trichomes

1st True Leaves Trichome
Epidermal Cells

1st True Leaves Ground tissue

Lateral Root Protoderm

Lateral Root Ground Meristem

Lateral Root Procambium

Root Apical Meristem

Primary Root Ground Meristem

Primary Root Protoderm

Primary Root Procambium

Hypocotyl-Root Axis Ground
Meristem
Hypocotyl-Root Axis
Procambium

Hypocotyl-Root Axis Protoderm

Hypocotyl Procambium

Cotyledon Vascular Tissue

Cotyledon Ground tissue

Shoot Apical Meristem Region

Gene

Table 12. Expression patterns observed after five days of growth in continuous light. Shaded boxes indicate regions of the seedling where CSLA
promoter-GUS fusion expression was observed.

AtCSLA1
AtCSLA2
AtCSLA3
AtCSLA7
AtCSLA9
AtCSLA10
AtCSLA11
AtCSLA14
AtCSLA15
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On day six, all of the CSLA promoter-GUS fusions were expressed in the shoot apical
meristem region, the vascular tissue of the cotyledons, and the ground tissue of the first true
leaves (Table 13). All of the promoter-GUS fusions, except AtCSLA3, were expressed in the
procambium of the hypocotyl. All of the promoter-GUS fusions, except AtCSLA15, were
expressed in the procambium of the lateral roots. All of the promoter-GUS fusions, except
AtCSLA14 and AtCSLA15, were expressed in the ground tissue of the cotyledons. The
AtCSLA11 promoter-GUS fusion was uniquely expressed in the entire root apical meristem.
AtCSLA3 and AtCSLA9 promoter-GUS fusions were expressed in the protoderm of the
primary root, the protoderm of the lateral roots, and the ground meristem of the lateral roots.
The AtCSLA9 promoter-GUS fusion was the only expression observed in the ground
meristem of the lateral roots. All of the promoter-GUS fusions, except AtCSLA11 and
AtCSLA15, had expression associated with the trichomes. AtCSLA1, -2, -9, -10, -11, and -15
promoter-GUS fusions were expressed in the procambium of the primary root. AtCSLA1, -2,
-3, and -9 promoter-GUS fusions were expressed in protoderm of the hypocotyl-root axis.
AtCSLA1, -2, and -9 promoter-GUS fusions were expressed in the ground meristem of the
hypocotyl-root axis. AtCSLA10, -11, -14, and -15 promoter-GUS fusions were expressed in
the procambium of the hypocotyl.
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1st True Leaves Trichomes

1st True Leaves Ground
tissue
1st True Leaves Trichome
Epidermal Cells

Lateral Root Protoderm

Lateral Root Ground
Meristem

Lateral Root Procambium

Root Apical Meristem

Primary Root Ground
Meristem

Primary Root Protoderm

Primary Root Procambium

Hypocotyl-Root Axis
Protoderm
Hypocotyl-Root Axis
Ground Meristem
Hypocotyl-Root Axis
Procambium

Hypocotyl Procambium

Cotyledon Vascular Tissue

Cotyledon Ground tissue

Shoot Apical Meristem
Region

Gene

Table 13. Expression patterns observed after six days of growth in continuous light. Shaded boxes indicate regions of the seedling where CSLA
promoter-GUS fusion expression was observed.

AtCSLA1
AtCSLA2
AtCSLA3
AtCSLA7
AtCSLA9
AtCSLA10
AtCSLA11
AtCSLA14
AtCSLA15
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On day seven, all of the CSLA promoter-GUS fusions, except AtCSLA3, were
expressed in the procambium of the hypocotyl-root axis, the vascular tissue of the
cotyledons, and non-specific cells in the first true leaves (Table 14). All of the promoterGUS fusions, except AtCSLA3 and AtCSLA15, had expression associated with the trichomes.
The AtCSLA11 promoter-GUS fusion was the only expression observed in the entire root
apical meristem. The AtCSLA9 promoter-GUS fusion was the only expression observed in
the protoderm and ground meristem of the primary root and the ground meristem of the
lateral roots. AtCSLA3 and AtCSLA9 promoter-GUS fusions were expressed in the lateral
root protoderm and all of the CSLA promoter-GUS fusions, except AtCSLA15, were
expressed in the procambium of the lateral roots. All of the CSLA promoter-GUS fusions,
except AtCSLA3 and AtCSLA1, were expressed the ground tissue of the cotyledons. All of
the promoter-GUS fusions, except AtCSLA3 and AtCSLA7, were expressed in the shoot apical
meristem region and primary root procambium. AtCSLA1, -2, -3, -9, and -11 promoter-GUS
fusions were expressed in the protoderm of the hypocotyl-root axis. AtCSLA1, -2, -9, and -11
promoter-GUS fusions were expressed in the ground meristem of the hypocotyl-root axis.
AtCSLA10, -11, -14, and -15 promoter-GUS fusions were expressed in the procambium of the
hypocotyl.
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1st True Leaves Trichomes

1st True Leaves Trichome
Epidermal Cells

1st True Leaves Ground tissue

Lateral Root Protoderm

Lateral Root Ground Meristem

Lateral Root Procambium

Root Apical Meristem

Primary Root Ground Meristem

Primary Root Protoderm

Primary Root Procambium

Hypocotyl-Root Axis Ground
Meristem
Hypocotyl-Root Axis
Procambium

Hypocotyl-Root Axis Protoderm

Hypocotyl Procambium

Cotyledon Vascular Tissue

Cotyledon Ground tissue

Shoot Apical Meristem Region

Gene

Table 14. Expression patterns observed after seven days of growth in continuous light. Shaded boxes indicate regions of the seedling where CSLA
promoter-GUS fusion expression was observed.

AtCSLA1
AtCSLA2
AtCSLA3
AtCSLA7
AtCSLA9
AtCSLA10
AtCSLA11
AtCSLA14
AtCSLA15
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Five Days in Dark Growth Conditions
A series of tables has been generated documenting the expression patterns for all nine
CSLA promoter-GUS fusions for each day of post-stratification dark growth (Table 15-19).
On day one, the expression patterns of the CSLA promoter-GUS fusions had observed
instances of overlap (Table 15). AtCSLA1, -2, and -15 promoter-GUS fusions were expressed
in the procambium of the hypocotyl. AtCSLA3, -9, and -11 promoter-GUS fusions were
expressed in the procambium of the embryonic root. The AtCSLA14 promoter-GUS fusion
was expressed in the protoderm of the embryonic root and AtCSLA14 and AtCSLA15
promoter-GUS fusions were expressed in the cotyledons.

Table 15. Expression patterns observed after one day of growth in the dark. Shaded boxes indicate
regions of the seedling where CSLA promoter-GUS fusion expression was observed.

Gene

Cotyledon
Embryonic Embryonic
Hypocotyl
Ground
Root
Root
Procambium
tissue
Procambium Protoderm

AtCSLA1
AtCSLA2
AtCSLA3
AtCSLA7
AtCSLA9
AtCSLA10
AtCSLA11
AtCSLA14
AtCSLA15

On day two, there were clear overlaps in the expression patterns (Table 16).
AtCSLA1, -2, -3, -7, -9, and -15 promoter-GUS fusions were expressed in the procambium of
the hypocotyl and the zone of maturation. AtCSLA1, -2, -3, -7, and -9 promoter-GUS fusions
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were expressed in the procambium of the embryonic root. AtCSLA1, -2, -3, and -9 promoterGUS fusions were expressed in the ground meristem of the embryonic root. AtCSLA3 and
AtCSLA9 promoter-GUS fusions were expressed in the protoderm of the embryonic root. All
of the promoter-GUS fusions, except AtCSLA11, were expressed in the ground tissue of the
cotyledons. All of the promoter-GUS fusions, except AtCSLA3 and AtCSLA11, were
expressed in the shoot apical meristem. AtCSLA2, -3, and -9 promoter-GUS fusions were
expressed in the ground meristem in the zone of maturation and AtCSLA2, -3, -7, -9, and -14
promoter-GUS fusions were expressed in the protoderm in the zone of maturation.

Embryonic Root Ground
Meristem

Embryonic Root Protoderm

Embryonic Root
Procambium

Zone of Maturation
Protoderm

Zone of Maturation
Ground Meristem

Zone of Maturation
Procambium

Hypocotyl Procambium

Tips of the Cotyledons

Cotyledon Ground tissue

Shoot Apical Meristem

Gene

Table 16. Expression patterns observed after two days of growth in the dark. Shaded boxes indicate
regions of the seedling where CSLA promoter-GUS fusion expression was observed.

AtCSLA1
AtCSLA2
AtCSLA3
AtCSLA7
AtCSLA9
AtCSLA10
AtCSLA11
AtCSLA14
AtCSLA15
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On day three, overlap in expression patterns could be observed, but there was an
overall decrease in the tissues where CSLA promoter-GUS fusion expression was observed
(Table 17). AtCSLA1, -2, -7, -9, -10, and -15 promoter-GUS fusions were expressed in the
procambium of the hypocotyl and the procambium in the zone of maturation. AtCSLA1, -2, 3, -7, -9, and -10 promoter-GUS fusions were expressed in the procambium of the embryonic
root. AtCSLA1, -2, -7, and -9 promoter-GUS fusions were expressed in the tips of the
cotyledons. AtCSLA9 and AtCSLA14 promoter-GUS fusions were expressed in the shoot
apical meristem. The AtCSLA9 promoter-GUS fusion was the only expression observed in
the protoderm and ground meristem of the embryonic root and of the zone of maturation.

Embryonic Root
Protoderm

Embryonic Root
Procambium

Zone of Maturation
Protoderm

Zone of Maturation
Ground Meristem

Zone of Maturation
Procambium

Hypocotyl Procambium

Tips of the cotyledons

Shoot Apical Meristem

Gene

Table 17. Expression patterns observed after three days of growth in the dark. Shaded boxes indicate
regions of the seedling where CSLA promoter-GUS fusion expression was observed.

AtCSLA1
AtCSLA2
AtCSLA3
AtCSLA7
AtCSLA9
AtCSLA10
AtCSLA11
AtCSLA14
AtCSLA15
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On day four, the overall trends in promoter-GUS fusion expression (Table 18) were
similar to the day three patterns. AtCSLA1, -2, -7, -9, -10, and -15 promoter-GUS fusions
were expressed in the procambium of the hypocotyl and the procambium in the zone of
maturation. AtCSLA1, -2, -3, -7, -9, and -10 promoter-GUS fusions were expressed in the
procambium of the embryonic root. The AtCSLA9 promoter-GUS fusion was the only
expression observed in the protoderm and ground meristem of the embryonic root and the
ground meristem of the zone of maturation. AtCSLA9 and AtCSLA14 promoter-GUS fusions
were expressed in the protoderm in the zone of maturation. AtCSLA1, -2, -9, -10, and -14
promoter-GUS fusions were expressed the ground tissue of the cotyledon. AtCSLA1, -9, -10,
-14, and -15 promoter-GUS fusions were expressed in the shoot apical meristem.
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Embryonic Root Ground
Meristem

Embryonic Root Protoderm

Embryonic Root Procambium

Zone of Maturation Protoderm

Zone of Maturation Ground
Meristem

Zone of Maturation Procambium

Hypocotyl Procambium

Tips of the cotyledons

Cotyledon Ground tissue

Shoot Apical Meristem

Gene

Table 18. Expression patterns observed after four days of growth in the dark. Shaded boxes indicate
regions of the seedling where CSLA promoter-GUS fusion expression was observed.

AtCSLA1
AtCSLA2
AtCSLA3
AtCSLA7
AtCSLA9
AtCSLA10
AtCSLA11
AtCSLA14
AtCSLA15

On day five, the overall promoter-GUS fusion expression trends (Table 19) were
mostly associated with the procambium in the roots and hypocotyl. AtCSLA1, -2, -7, -9, -10,
and -11 promoter-GUS fusions were expressed in the procambium of the hypocotyl.
AtCSLA1, -2, -3, -7, and -9 promoter-GUS fusions were expressed in the procambium of the
embryonic root. AtCSLA1, -2, -7, -9, and -11 promoter-GUS fusions were expressed in the
procambium in the zone of maturation. AtCSLA7, -10, and -14 promoter-GUS fusions were
expressed in the ground tissue of the cotyledons. The AtCSLA7 promoter-GUS fusion was
the only expression in the shoot apical meristem and the AtCSLA11 promoter-GUS fusion
was the only expression observed in the root apical meristem. The AtCSLA9 promoter-GUS
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fusion was the only expression observed in the protoderm and ground meristem of the
embryonic root and of the zone of maturation.

Root Apical
Meristem

Embryonic Root
Ground Meristem

Embryonic Root
Protoderm

Embryonic Root
Procambium

Zone of Maturation
Protoderm

Zone of Maturation
Ground Meristem

Zone of Maturation
Procambium

Hypocotyl
Procambium

Cotyledon Ground
tissue

Shoot Apical
Meristem

Gene

Table 19. Expression patterns observed after five days of growth in the dark. Shaded boxes indicate
regions of the seedling where CSLA promoter-GUS fusion expression was observed.

AtCSLA1
AtCSLA2
AtCSLA3
AtCSLA7
AtCSLA9
AtCSLA10
AtCSLA11
AtCSLA14
AtCSLA15
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Two Weeks of Growth
In the two week old plants, there were both distinct and overlapping patterns of
promoter-GUS fusion expression (Table 20). In all nine promoter-GUS fusions there was
expression in the vascular tissue/veins except AtCSLA3. With the exception of AtCSLA10,
all of the CSLA promoter-GUS fusions were expressed in the procambium of the lateral roots
and the procambium of the root apical meristem. With the exception of AtCSLA3 and
AtCSLA10, all of the CSLA promoter-GUS fusions were expressed in the procambium of the
hypocotyl-root axis. In the protoderm and ground meristem of the root apical meristem,
AtCSLA3, -9, and -11 promoter-GUS expression was observed. In the protoderm and ground
meristem of the lateral roots, AtCSLA3 and AtCSLA9 promoter-GUS expression was
observed and the AtCSLA9 promoter-GUS fusion was the only expression observed in the
protoderm and ground meristem of the hypocotyl-root axis. In all of the promoter-GUS
fusions, except AtCSLA3, expression was observed in the region of the shoot apical meristem
(Fig. 129). Except for AtCSLA7, all of the promoter-GUS fusions had expression in the
ground tissue of the cotyledons (although faintly in AtCSLA3) and the ground tissue of the
first true leaves. All of the promoter-GUS fusions, except AtCSLA10 and AtCSLA11, had
trichome associated expression patterns. All of the promoter-GUS fusions, except
AtCSLA11, had expression associated with guard cells.
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Root Apical Meristem
Procambium
Root Apical Meristem
Protoderm
Root Apical Ground
Meristem

Lateral Root Protoderm

Lateral Root Ground
Meristem

Lateral Root Procambium

Hypocotyl-Root Axis
Procambium
Hypocotyl-Root Axis
Ground Meristem
Hypocotyl-Root Axis
Protoderm
Primary Root
Procambium

Guard Cells

Trichomes

Cotyledon Vascular
Tissue
True Leaves Ground
tissue
True Leaves Vascular
Tissue
Trichome Basal
Epidermis

Cotyledon Ground tissue

Shoot Apical Meristem
Zone

Gene

Table 20. Two-Week Expression Patterns. Shaded boxes indicate regions of the plants where CSLA promoter-GUS fusion expression was
observed.

AtCSLA1
AtCSLA2
AtCSLA3
AtCSLA7
AtCSLA9
AtCSLA10
AtCSLA11
AtCSLA14
AtCSLA15
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Figure 129. CSLA promoter-GUS expression in the shoots of two-week plants. A, AtCSLA1
promoter-GUS. B, AtCSLA2 promoter-GUS. C, AtCSLA3 promoter-GUS. D, AtCSLA7 promoterGUS. E, AtCSLA9 promoter-GUS. F, AtCSLA10 promoter-GUS. G, AtCSLA11 promoter-GUS. H,
AtCSLA14 promoter-GUS. I, AtCSLA15 promoter-GUS.

Four Week Old Rosettes
Seven developmental phases were separated in a plastochron index to analyze the
expression trends of the four week rosettes (Fig. 130). Because variation in growth rates of
plants of the same species can occur, even under strictly controlled conditions, generating a
plastochron index allows the categorization of leaves by morphology to align their
developmental ages.
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Figure 130. Plastochron index of leaves from four-week CSLA promoter-GUS rosettes. Leaves were segregated into seven developmental phases
based on shared morphological features.
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In Developmental Phase I, all nine CSLA promoter-GUS fusions overlapped in nonartifactual expression with expression observed in trichome associated cells and apical cells.
In Developmental Phase II, there were mostly overlapping patterns (Table 21). All of
the promoter-GUS fusions, except AtCSLA3, were expressed in the trichome socketassociated cells. With the exception of AtCSLA10, all of the CSLA promoter-GUS fusions
were expressed in the trichomes during branching. The AtCSLA3 promoter-GUS fusion was
the only expression observed in the trichomes before the branching developmental phases
and AtCSLA3, -9, -11, -14, and -15 promoter-GUS fusions were the only expression observed
in the mature trichomes. AtCSLA2, -7, and -11 promoter-GUS fusions had guard cell
expression that was not isolated to a specific developmental phase. AtCSLA10, -11, -14, and
-15 promoter-GUS fusions were expressed in non-specific cells of the apex.
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Apex Ground tissue

Guard Cells (Developmental
Phase Not Identified)

Mature Trichomes

Branching Developmental Phase
Trichomes

Early Trichome Development
(Pre-Branching)

Trichome Socket Associated
Epidermal Cells (Non-Specific
Location)

Trichome Socket Associated
Epidermal Cells (Entire Leaf)

Gene

Table 21. Expression patterns observed Developmental Phase Two (Phase II) of the four-week
rosette. Shaded boxes indicate regions of the leaves where CSLA promoter-GUS fusion expression
was observed.

AtCSLA1
AtCSLA2
AtCSLA3
AtCSLA7
AtCSLA9
AtCSLA10
AtCSLA11
AtCSLA14
AtCSLA15

In Developmental Phase III, expression patterns largely overlapped (Table 22). All of
the promoter-GUS fusions, except AtCSLA3, were expressed in the trichome socketassociated cells. With the exception of AtCSLA10, all of the CSLA promoter-GUS fusions
were expressed in the trichomes during the branching developmental phases. The AtCSLA3
promoter-GUS fusion was the only expression observed in the trichomes before the
branching developmental phases and all of the CSLA promoter-GUS fusions, except
AtCSLA1 and AtCSLA10, were expressed in the mature trichomes. Except AtCSLA3, all of
the promoter-GUS fusions were expressed in guard cells in the apex and lobes. AtCSLA2, -7,
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-11, -14, and -15 promoter-GUS fusions were expressed in veins. AtCSLA7, -9, -11, -14, and
-15 promoter-GUS fusions were expressed in hydathodes.

Hydathodes

Lobe Ground tissue

Apex Ground tissue

Marginal Veins

Guard Cells of Lobes

Guard Cells of Apex

Mature Trichomes

Branching Developmental Phase
Trichomes

Early Trichome Development
(Pre-Branching)

Trichome Socket Associated
Epidermal Cells (Non-Specific
Location)

Trichome Socket Associated
Epidermal Cells (Lower Half of
Leaf)

Gene

Table 22. Expression patterns observed Developmental Phase Three (Phase III) of the four-week
rosette. Shaded boxes indicate regions of the leaves where CSLA promoter-GUS fusion expression
was observed.

AtCSLA1
AtCSLA2
AtCSLA3
AtCSLA7
AtCSLA9
AtCSLA10
AtCSLA11
AtCSLA14
AtCSLA15

In Developmental Phase IV, the observed expression patterns transitioned into
different tissues, while remaining largely overlapping (Table 23). Except for AtCSLA10, all
of the promoter-GUS fusions were expressed in trichomes. Guard cell expression was
documented in the AtCSLA1, -2, -7, -10, -11, and -15 promoter-GUS fusions. With the
exception of AtCSLA1 and AtCSLA10, there was expression in the hydathodes. All of the
CSLA promoter-GUS fusions, except AtCLSA3, were expressed in at least one region of the
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veins. Mostly overlapping expression patterns were also documented in nondescript cells in
the apex and the lobes, except in AtCSLA3.

Ground tissue (Even
Distribution Entire Leaf)

Ground tissue in Margins

Hydathodes

Mid Vein

Secondary Veins

Marginal Veins

Apex Ground tissue

Meristemoid Guard Cells

Guard Cells of Margins

Guard Cells of Apex

Mature Trichomes

Branching Developmental
Phase Trichomes

Gene

Table 23. Expression patterns observed Developmental Phase Four (Phase IV) of the four-week
rosette. Shaded boxes indicate regions of the leaves where CSLA promoter-GUS fusion expression
was observed.

AtCSLA1
AtCSLA2
AtCSLA3
AtCSLA7
AtCSLA9
AtCSLA10
AtCSLA11
AtCSLA14
AtCSLA15
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In Developmental Phase V, with the exception of AtCSLA3 and AtCSLA10,
expression was primarily documented in the hydathodes and vascular tissue, as well as in a
few trichomes (Table 24).

Ground tissue in Margins

Veins Adjacent to
Hydathodes

Hydathodes

Vascular Tissue

Marginal Veins

Vascular Tissue of Apex

Ground tissue in Apex

Guard Cells

Mature Trichomes

Gene

Table 24. Expression patterns observed Developmental Phase Five (Phase V) of the four-week
rosette. Shaded boxes indicate regions of the leaves where CSLA promoter-GUS fusion expression
was observed.

AtCSLA1
AtCSLA2
AtCSLA3
AtCSLA7
AtCSLA9
AtCSLA10
AtCSLA11
AtCSLA14
AtCSLA15
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In Developmental Phase VI, with the exception of AtCSLA3 and AtCSLA10,
expression was primarily documented in the hydathodes and marginal vascular tissue (Table
25).

AtCSLA1
AtCSLA2
AtCSLA3
AtCSLA7
AtCSLA9
AtCSLA10
AtCSLA11
AtCSLA14
AtCSLA15

Pattern was Consistent in
both Leaves

Ground tissue Evenly
Distributed

Ground tissue of the
Margins

Hydathodes

Cells adjacent to
Expression in Veins

All Vascular Tissue

Marginal Veins

Hydathode of Apex

Gene

Table 25. Expression patterns observed Developmental Phase Six (Phase VI) of the four-week
rosette. Shaded boxes indicate regions of the leaves where CSLA promoter-GUS fusion expression
was observed.

No
Yes
Yes
Yes
No
Yes
Yes
Yes
Yes

In Developmental Phase VII, two sets of overlapping patterns were observed (Table
26). AtCSLA1, -7, -9, -10, and -11 promoter-GUS fusions were expressed in veins, the
hydathode of the apex, and ground tissue evenly distributed throughout the leaves. AtCSLA2,
-10, -14, and -15 promoter-GUS fusions were expressed in ground tissue, with an uneven
distribution.
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AtCSLA1
AtCSLA2
AtCSLA3
AtCSLA7
AtCSLA9
AtCSLA10
AtCSLA11
AtCSLA14
AtCSLA15

Pattern Was
Consistent in Both
Leaves

Even Distribution of
Ground tissue
Expression

Ground tissue
Expression

All Vascular Tissue

Hydathode of Apex

Gene

Table 26. Expression patterns observed Developmental Phase Seven (Phase VII) of the four-week
rosette. Shaded boxes indicate regions of the leaves where CSLA promoter-GUS fusion expression
was observed.

Yes
No
N/A
Yes
No
No
Yes
N/A
Yes

Seven Weeks of Growth
In the seven-week-old plants, there was a high frequency of redundant patterns (Table
27). For example, in all nine CSLA promoter-GUS fusions, expression was observed in the
styles of the juvenile siliques and carpels, the ground tissue of the cauline leaves and sepals,
and the vascular tissue of the petals and sepals.
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Sepal – Ground tissue

Sepal – Vascular Tissue

Pollen Grain

Anther

Filament

Carpel - Style

Carpel - Stigma

Mature Silique - Style

Mature Silique – Stigma

Mature Silique - Gynophore

Petal – Vascular Tissue

Petal – Ground tissue

1st node Cauline Leaf – Trichomes

1st Node Cauline Leaf – Ground tissue

1st Node Cauline Leaf – Vascular Tissue

Juvenile Cauline Leaf – Trichomes

Juvenile Cauline Leaf – Ground tissue

Juvenile Cauline Leaf -Vascular Tissue

Juvenile Silique – Valve

Juvenile Silique - Replum

Juvenile Silique – Style

Juvenile Silique – Stigma

Juvenile Silique – Gynophore

Gene

Table 27. Expression patterns observed in the seven-week plants. Shaded boxes indicate regions of the plant where CSLA promoter-GUS fusion
expression was observed.

AtCSLA1
AtCSLA2
AtCSLA3
AtCSLA7
AtCSLA9
AtCSLA10
AtCSLA11
AtCSLA14
AtCSLA15
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In all of the seven-week promoter-GUS fusions, except AtCSLA2, expression was
observed in the style of the mature siliques. In all of the promoter-GUS fusions, except
AtCSLA3, expression was observed in the filament of the stamen. In all of the promoter-GUS
fusions, except AtCSLA3, -10, and -11, expression was observed in the pollen grains within
the anthers. In AtCSLA1, -2, -7, and -9 promoter-GUS fusions, expression was observed in
the anthers. AtCSLA1 and AtCSLA2 promoter-GUS fusions were expressed in the stigma of
the juvenile siliques, mature siliques, and carpels. AtCSLA9 promoter-GUS fusion
expression was observed in the stigma of the juvenile siliques and carpels. AtCSLA3
promoter-GUS fusion expression was observed in the stigma of the carpels. All of the
promoter-GUS fusions, except AtCSLA3 and AtCSLA11, were expressed in the gynophore of
the juvenile and mature siliques. All of the promoter-GUS fusions, except AtCSLA3 and
AtCSLA7, were expressed in the replum of juvenile siliques. AtCSLA2, -3, -9, -10, and -11
promoter-GUS fusions were expressed in the valve of the juvenile siliques. AtCSLA1, -2, -7,
-14, and -15 promoter-GUS fusions were expressed in the vascular tissue and trichomes of
juvenile cauline leaves and first node cauline leaves. AtCSLA10 promoter-GUS fusion
expression was observed in the vascular tissue of the juvenile and first node cauline leaves.
AtCSLA9 promoter-GUS fusion expression was observed in the trichomes of the juvenile and
first node cauline leaves. All of the promoter-GUS fusions, except AtCSLA3 and AtCSLA15,
had expression observed in the ground tissue of the petals.
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Recurring Patterns of CSLA Expression
In early development in the light, the majority of the CSLA promoter-GUS fusions
were expressed in the vascular tissue of the cotyledons, the procambium of developing roots,
the procambium of the zone of maturation, and the root apical meristem. In early
development in the dark, expression was primarily observed the procambium in the zone of
maturation, the developing root, and the root apical meristem. After two weeks, CSLA
promoter-GUS fusion expression was observed primarily in the procambium of the
hypocotyl-root axis, in lateral root development, the root apical meristem, and vascular
tissues.
The four-week rosettes (Fig. 131) had detectable CSLA promoter-GUS expression
from the branching phases of trichome development to late maturation in trichomes.
Expression of CSLA promoter-GUS fusions in the trichome socket-associated cells during
trichome development was also observed (Fig. 132).
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Figure 131: CSLA promoter-GUS fusion expression in four-week rosettes. A, AtCSLA1 promoterGUS. B, AtCSLA2 promoter-GUS. C, AtCSLA3 promoter-GUS. D, AtCSLA7 promoter-GUS. E,
AtCSLA9 promoter-GUS. F, AtCSLA10 promoter-GUS. G, AtCSLA11 promoter-GUS. H, AtCSLA14
promoter-GUS. I, AtCSLA15 promoter-GUS.
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Figure 132. CSLA promoter-GUS trichome-associated expression trends in four-week rosettes. A,
Developmental Phase I leaf of the AtCSLA11 promoter-GUS. B-F, Developmental Phase II leaves of
the AtCSLA11 promoter-GUS. G-I, Developmental Phase III leaves of the AtCSLA11 promoter-GUS.
J,K, AtCSLA7 promoter-GUS rosette leaf high magnification images of trichome socket-associated
basal epidermal expression seen in Developmental Phases I-III of the rosette. Representative
trichome expression patterns in Developmental Phase IV leaves of the CSLA promoter-GUS rosettes
from: L, AtCSLA1. M, AtCSLA2. N, AtCSLA7. O, AtCSLA9. P, AtCSLA14 promoter-GUS fusions.

The four-week rosettes also presented CSLA promoter-GUS expression in guard cells
during an unidentified phase of development, in which expression was not typically seen in
meristemoid cells or in mature guard cells (Fig. 133). CSLA promoter-GUS fusions also
were expressed in vascular tissues (veins and hydathodes) in leaves that had reached maturity
(Fig. 134). Expression was retained after maturation (Fig. 134).
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Figure 133. CSLA promoter-GUS expression in guard cells. A, AtCSLA1 promoter-GUS. B, AtCSLA2
promoter-GUS. C, AtCSLA3 promoter-GUS. D, AtCSLA7 promoter-GUS. E, AtCSLA9 promoterGUS. F, AtCSLA10 promoter-GUS. G, AtCSLA11 promoter-GUS. H, AtCSLA14 promoter-GUS. I,
AtCSLA15 promoter-GUS.

Figure 134. CSLA promoter-GUS expression in four-week-old cotyledon apices. A, AtCSLA1
promoter-GUS. B, AtCSLA2 promoter-GUS. C, AtCSLA7 promoter-GUS. D, AtCSLA9 promoterGUS. E, AtCSLA10 promoter-GUS. F, AtCSLA11 promoter-GUS.
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In seven week old plants, CSLA promoter-GUS expression was observed primarily in
the styles of carpels and siliques, the gynophore of siliques, and the valve and replum of
young siliques (Fig. 135). There was also distinct expression in the filament of stamens and
several CSLA promoter-GUS fusions were detected in the anthers and pollen grains (Fig.
136).
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Figure 135. CSLA promoter-GUS expression in the carpels, mature siliques and juvenile siliques of seven-week-old plants. The carpels are
presented in the top row of each panel, the mature siliques in the middle row and the juvenile siliques in the bottom row. A, AtCSLA1 promoterGUS. B, AtCSLA2 promoter-GUS. C, AtCSLA3 promoter-GUS. D, AtCSLA7 promoter-GUS. E, AtCSLA9 promoter-GUS. F, AtCSLA10 promoterGUS. G, AtCSLA11 promoter-GUS. H, AtCSLA14 promoter-GUS. I, AtCSLA15 promoter-GUS.
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.

Figure 136 CSLA promoter-GUS expression in stamen. Magnified anthers, with filament attachment
in view. Pollen grains are observed within the anthers. A, AtCSLA1 promoter-GUS. B, AtCSLA2
promoter-GUS. C, AtCSLA3 promoter-GUS. D, AtCSLA7 promoter-GUS. E, AtCSLA9 promoterGUS. F, AtCSLA10 promoter-GUS. G, AtCSLA11 promoter-GUS. H, AtCSLA14 promoter-GUS. I,
AtCSLA15 promoter-GUS.

II. Immunolocalization of Mannan Carbohydrates in AtCSLA Mutants
Confirmation of Mutant Genotypes and Growth Observations
Of the mutant lines obtained from the ABRC, eight homozygous lines were identified
(Table 28). These included two different csla2, csla3, and csla9 mutants. There was also
one line each of csla7 and csla15 confirmed. All of the plants from these lines had an
unremarkable appearance when compared visually to wild-type plants during growth and
development on soil.
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Table 28. Mutants that were confirmed with border primer screening to be homozygous for the TDNA gene disruption, but lacked obvious changes in phenotype when grown on soil.

Arabidopsis Gene
Disrupted
AtCSLA2
AtCSLA2
AtCSLA3
AtCSLA3
AtCSLA7
AtCSLA9
AtCSLA9
AtCSLA15

Designation of Mutant
Line
SALK_075579
FLAG_308D09
SALK_015497
FLAG_309C08
FLAG_144B01
FLAG_443H10
SALK_111096
FLAG_574C10

Immunofluorescence Imaging
Wild-type stem sections revealed that mannans were present throughout the entire
juvenile stem and were particularly abundant in the cell wall corners of the pith parenchyma
(Fig. 137). Control samples were treated only with a secondary antibody to assure that the
signal was associated with the anti-mannan probe and not a result of the fluorophore
secondary conjugate antibody. There was no detectable signal in the secondary-antibody
control (data not shown), suggesting that the signal observed was associated with mannanspecific probing.

Figure 137. Immunolocalization of sections from five-week-old wild-type Arabidopsis stems viewed
using fluorescence microscopy. Stems (A) were treated with Calcofluor dye which stains cellulose
and fluoresces with blue color and (B) were treated with mannan-specific primary antibodies
(LM21/LM22) and fluorescently conjugated secondary antibodies.
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Of the eight mutant lines that were subjected to embedding, sectioning, and antibody
treatment, only portions of the young stems of wild-type Arabidopsis, the A7
FLAG_144B01, and A2 FLAG_308D09 lines were successfully imaged (Fig. 138). Results
suggested a decrease in signal of the LM21/22 (anti-mannan) probes associated with the
fluorescent conjugated antibodies when compared to wild-type stems.

Figure 138. Carbohydrate and immunofluorescence microscopy analysis of wild-type Arabidopsis,
csla7 and csla2 mutants in young stem sections. (A,D) wild-type Arabidopsis, (B,E) csla7 mutant A7
FLAG_144B01 and (C,F) csla2 mutant A2 FLAG_308D09 stems viewed using fluorescence
microscopy.
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Discussion
I. Investigating the Expression Patterns of Arabidopsis CSLA Family
Plant cell walls are the most abundant source of renewable biomass on Earth. The
results of this study provide insight into the synthesis of plant cell walls through the
exploration of expression patterns of CSLA genes in Arabidopsis thaliana. It is
hypothesized that the AtCSLA genes have both distinct and redundant expression patterns that
relate to their functions in cell wall synthesis. Promoter-GUS fusion analysis revealed
significant overlap of AtCSLA expression patterns, supporting the functional redundancy
hypothesis. These observations also indicate that mannan deposition occurs throughout
Arabidopsis growth and development.

Mannan Synthesis during Arabidopsis Development
In this study, CSLA promoter-GUS fusion expression was largely detected in the
procambium of hypocotyls and roots (including the root apical meristem) in Arabidopsis
plants from early development to four weeks of growth. CSLA promoter-GUS expression
was also observed in the vascular tissues of cotyledons and leaves after they had fully
expanded. While it is known that the procambium gives rise to the vascular tissue, recent
studies have identified genetic roles where the formation of procambium cells and the
spatially coordinated differentiation of xylem in vascular tissue are controlled by the same
gene (Ilegems et al., 2010). This genetic link in development could explain why the protein
products of CSLA genes might be present in the vascular tissues of older leaves where cell
wall thickening presumably has ceased.
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Previous studies have demonstrated, using dark growth conditions, that the
hypocotyl-root axis region is where cell elongation is initiated (Gendreau et al., 1997). In
this study, expression of CSLA promoter-GUS fusions were observed in the zone of
maturation at the hypocotyl-root axis, suggesting that CSLA proteins may play a role in the
initiation of cell wall elongation and, likely, that mannan deposition is occurring during
primary cell wall development. Previous studies have also revealed that in dark growth cell
wall deposition is not correlated to cell growth and deposition continues to occur after growth
has ceased (Refrégier et al., 2004). This could explain why CSLA promoter-GUS fusion
expression was observed in plants after four and five days of dark growth, suggesting that
mannan deposition in cell walls is still occurring.
In the four-week-old rosettes, CSLA promoter-GUS fusions revealed a possible role
for mannan synthesis in guard cell formation. CSLA promoter-GUS fusion expression was
rarely observed before the creation of the pore by the disengagement of the anticlinal walls
but was observed after pore formation and before maturity. This suggests that CSLA genes
play a role in guard cell wall development. Previous studies have suggested that mature
guard cells do not have equal cell wall thickness at maturity (Nadeau and Sack, 2002). This
could explain why observations of CSLA promoter-GUS fusions were not seen consistently in
all guard cells in any specific developmental stage throughout an individual leaf but does
indicate that mannans may play a role in contributing to the diversity in the thickenings
observed in the walls of the guard cells. A large number of cellular factors are involved in
the identification of a specific guard cell phase (Nadeau and Sack, 2002) and it is also likely
possible that gross cell morphology hindered the identification of specific developmental
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phases in our research. This indicates that possibly the promoter-GUS expression observed
may be more specific in guard cell development than we were able to identify.
In the four-week-old rosettes, expression of CSLA promoter-GUS fusions suggested a
role of CSLA protein products in trichome development. In nearly all of the CSLA promoterGUS fusions, except AtCSLA3, expression was observed in the trichome socket-associated
cells until the trichomes had reached maturity. Coordinated signaling events have been
demonstrated to trigger epidermal cells to form the ring-like complexes that are associated
with the development of trichomes on the leaves and the elongation of branching trichomes
(Valdivia et al., 2011). Distinct expression of the CSLA promoter-GUS fusions in these
complexes, along with the implication of CSLA genes as mannan synthases, suggests that
mannans play a role in contributing to trichome cell wall structure. Previous studies have
documented that isolated trichomes have relatively high levels of mannose (Marks et al.,
2008). The high levels of mannose likely correspond to mannans in the cell walls of the
trichomes.
A recent study using microarray profiling compared the transcriptome of isolated
trichomes from Arabidopsis leaves to leaves that were denuded of trichomes. This study
indicated that there were some interesting relationships between CSLA gene expression and
trichomes (Marks et al., 2008). In the study, it was observed that of the thousands of
transcripts detected in trichomes, AtCSLA9 expression was among the top one hundred
highly expressed transcripts. AtCSLA2, -3, -7, -10, and -14 were detected at low levels in the
trichomes and AtCSLA1, -11, and -15 were not detected. The abundance of the CSLA
transcripts detected in the processed leaves was relatively low for all nine genes. In our
promoter-GUS fusion analysis, with the exception of AtCSLA10, expression was observed in
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trichomes for all transgenic plant lines. While the promoter-GUS fusion analysis correlates
in some respects to the Marks et al. (2008) trichome study, it is interesting that the promoterGUS fusion analysis suggested that a larger number of CSLA genes expressed are in
trichomes. In the trichome-microarray study, it appears that only fully expanded leaves of
the rosette were used for analysis. In our promoter-GUS fusion analysis, there was a clear
pattern of trichome expression in immature leaves, where the expression was most highly
detected in the youngest expanded leaves and diminished trichome expression was observed
in older leaves. This leaf-age difference could account for the discrepancies between the
relatively low CSLA detection in trichomes in the microarray analysis and the high detection
of trichome-related expression in the CSLA promoter-GUS fusions.
Seven-week-old CSLA promoter-GUS fusion investigations revealed expression in the
filaments, anthers, and pollen grains. The carpels and siliques had distinct expression in the
styles and gynophore. Juvenile siliques additionally had CSLA promoter-GUS expression in
the replum. Previous studies have demonstrated that anther development is coordinated with
pollen development, but separate from filament elongation (Cecchetti et al., 2008). This is a
point of interest in our study because: 1) all of the CSLA promoter-GUS fusions had observed
expression in the filaments and 2) the CSLA promoter-GUS fusions that had detectable
expression in the anthers all had detectable expression in the pollen grains. Another study
explored the genetics of the development of the gynoecium of Arabidopsis. The study
identified that the style, gynophore, and replum were all enlarged when over-expressing a
single gene, suggesting a coordinated genetic link in development (Trigueros et al., 2009).
This link could explain why the CSLA promoter-GUS fusions had a high correlation of
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expression in these regions. It is possible then that mannan deposition is occurring in
synchronicity with these developmental events as well.

CSLA Promoter-GUS Fusion Correlations with Previously Established Studies
In a study by Hamann et al. (2004), microarray expression profiling was conducted
on all the CSL genes. The study revealed that all of the Arabidopsis CSLA transcripts were
expressed (some at low levels) in young leaves and that expression decreased significantly in
older leaves. Trends that were observed in the four-week-old rosettes in our study are
consistent with these findings. The Hamann (2004) study also detected expression of all nine
genes in flowers, high expression of CSLA2 in roots, and CSLA2, 3, 7, and 9 in seedlings.
We observed expression patterns that are consistent with their observations, although
expression was detected in more of the CSLA promoter-GUS fusions than microarray
expression had detected. In the study conducted by Hamann, the rosette leaves were
analyzed at 15 days and at 50 days and in both instances were under light conditions that
differed from our study. The rosette analysis conducted in our study examined leaves on
rosettes that developed over 28 days of growth under short-day conditions. The sensitivity of
the GUS staining assay, at even very low levels of transcription, could also account for some
of the discrepancies observed between these experiments.
The CSLA microarray expression mining study conducted by Liepman et al. (2007)
detected expression of CSLA genes and mannans in a wide array of Arabidopsis tissues. A
correlation between CSLA expression and mannan content also was observed. High
expression of AtCSLA2 was detected in hypocotyls, roots, and carpels, AtCSLA1 in petals,
AtCSLA10 in sepals, and AtCSLA9 in pollen, inflorescence stems, leaves, and stamen, and
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AtCSLA7 in pollen. These observations are consistent with the expression observed in the
promoter-GUS fusions in this study; however, we observed promoter-GUS fusion expression
in many locations not detected in the 2007 study. For example, AtCSLA1 expression was
detected at very low levels in pollen using microarrays, but was clearly detected using
promoter-GUS fusions (Fig. 139). Another example is AtCSLA15, where expression was
virtually undetectable in the microarray profiles, but distinct expression was observed in the
AtCSLA15 promoter-GUS fusions. This could be attributed to the sensitivity of the GUS
staining assay at even very low levels of transcription. Misleading detection of expression
may also have occurred as a result of GUS over-staining. The discrepancies could also be
attributed to the methodology of microarray analysis, whereby tissues are homogenized and
many different cell types contribute to the detected signal (Zimmermann et al., 2004). It is
also possible that the difference in what is being measured with each technique (e.g.,
transcripts when using microarrays and the activity associated with translational products
when using GUS analysis) may lead to different estimates of expression patterns (Taylor,
1997).

187

Figure 139. Dissected stamen of an AtCSLA1 promoter-GUS fusion. When a glass coverslip was
placed over the dissected stamen, pollen was dispersed from the anther and distinct GUS staining was
observed in the pollen grains.

Mutational studies of the CSLA genes also largely coincide with the CSLA promoterGUS fusion expression patterns. The AtCSLA7 promoter-GUS fusion had detectable
expression in the dermatogen phase of embryo development. This observation is consistent
with a role of AtCSLA7 in embryogenesis suggested by the phenotype of csla7 mutants; in
the csla7 mutant, developmental abnormalities were observed in the early cell phases
(including the dermatogen phase) and development was arrested by the globular phase
(Goubet et al., 2003). The study by Zhu et al. (2003) implicated AtCSLA9 in lateral root
development and the GUS fusion data strongly aligns with the expression patterns observed
in our study (Fig. 140).
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Figure 140. Comparison of AtCSLA9 promoter-GUS expression with previous AtCSLA9 GUS fusion
expression studies. A, Lateral root expression associated with AtCSLA9 GUS staining documented in
the study by Zhu et al. (2003) in a young seedling. B, AtCSLA9 promoter-GUS fusion expression
patterns in lateral roots of young seedlings in this study.

The 2009 study conducted by Goubet et al. indicated that with the exception of
AtCSLA7, mutations in individual CSLA genes had no obvious alterations in their
phenotypes. The CSLA promoter-GUS fusion data here revealed overlapping trends that
support functional redundancy in this gene family. This functional redundancy is likely to
contribute to the masking of phenotypes in csla single mutants.

Known Limitations when using the pCAMBIA Vector
The analysis of the results of studies using promoter-GUS fusions must be interpreted
with caution. After the outset of our investigation, information became available that raised
concerns about the vector construction. The 35S promoter used to drive the herbicide
resistance marker in the pCAMBIA1305.1 vector can affect the expression of other genes,
yielding expression patterns that may not accurately recapitulate those associated with the
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gene of interest (for details, see http://www.cambia.org/daisy/cambia/585). Nonetheless,
some studies have used the pCAMBIA1305.1 vector for investigating expression patterns
and have verified their promoter-GUS expression using other methods. For example, a
recent study using the pCAMBIA1305.1 vector in Arabidopsis (with similar methodology to
our investigation) analyzed the expression patterns of UDP-Glc:Sterol Glucosyltransferase
genes. The researchers also used biochemical and histochemical approaches and confirmed
that the results of the GUS analysis were indeed associated with the true expression patterns
of the genes (DeBolt et al., 2009).

Abnormal Development in AtCSLA3- and AtCSLA10- GUS Lines
In some of the AtCSLA3 and AtCSLA10 promoter-fusion transgenic plants, abnormal
growth and development were observed. For example, in AtCSLA3-GUS plants, at seven
weeks, the carpels had tumor development (Fig. 141A) and abnormal seed arrangement was
observed within the siliques (Fig. 141B). Some anthers also had evidence of tumors (Fig.
141C). In the AtCSLA10-GUS transgenic plants, at least 25% of plants demonstrated
excessive tissue development. For example, in young seedlings, three cotyledons were
observed (Fig. 141D) and at two weeks, plants were observed to have extra leaves in the
young whorls, appearing in arrangements of three from the meristem instead of two (Fig.
141E).
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Figure 141. Abnormal development in AtCSLA3and AtCSLA10 GUS lines. A, tumor in the carpel of
an AtCSLA3 promoter-GUS seven-week plant. B, abnormal seed arrangement in the silique of an
AtCSLA3 promoter-GUS seven-week plant. C, anther with abnormal cell proliferation of an AtCSLA3
promoter-GUS seven-week plant. D, day three AtCSLA10 promoter-GUS fusion with three
cotyledons. E, two-week AtCSLA10 promoter-GUS fusion plant with extra leaves in the whorl.

Examination of multiple integration events for both the AtCSLA3-GUS and
AtCSLA10-GUS lines revealed a reproducible set of developmental defects and
abnormalities. This suggests that the construction of the promoter-GUS fusion needs to be
re-investigated. While not all plants from these integrations demonstrated developmental
abnormalities and the GUS assay analysis was conducted only on plants that did not appear
developmentally impacted, this could account for discrepancies in the CSLA patterns
documented for AtCSLA3 and AtCSLA10 promoter-GUS fusion plants, where in many cases
AtCSLA3 and AtCSLA10 expression patterns were the only deviations from overlapping
patterns observed in the promoter-GUS fusions.
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Future Directions using Promoter-GUS Fusions
Remaining Promoter-GUS Fusion Analysis
Many members of the Liepman Laboratory have contributed to the construction of the
promoter-GUS fusions for all nine genes in the CSLA family. Each gene has been
documented extensively at various growth phases with reproducible staining patterns.
Because distinct expression patterns of the CSLA promoter-GUS fusions were observed
during all phases of the Arabidopsis life-cycle, it is likely that mannan deposition occurs
throughout the lifecycle of Arabidopsis. Current studies indicate that it is very likely that all
members of the CSLA family encode mannan synthases, although they have not all been
demonstrated as such (Davis et al., 2010). Although this study has revealed many interesting
distinct and redundant expression patterns within the CSLA gene family using promoter-GUS
fusions, they have yet to be fully examined on a cellular level. Sectioning of promoter-GUS
plants and closely examining the cell-specific staining of sectioned tissues microscopically
would provide a more in-depth understanding of CSLA functional roles. Additionally, the
construction of the AtCSLA3 and AtCSLA10 promoter-fusions should be re-examined and
assayed again to confirm the patterns documented in this study.

Database Transition to Interactive Website
The CSLA gene family was previously explored using biochemical, microarray, and
mutational studies (Liepman et al., 2010). This study has contributed a visual atlas of CSLA
expression using promoter-GUS fusions. A database has been generated annotating over
4000 images captured in this study, with links to each annotated image. This database is
interactive, allowing the user to sort by developmental phase, organs, and tissues. Ideally,
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this database will be used to generate a website interface available to the cell wall
community, where the roles of the CSLA genes can be clearly outlined. This web interface
will allow members of the research community to quickly access this information and will
facilitate mannan research.

CSLA Promoter-GUS Fusions as a Guide to Mutant Generation
The patterns outlined in this study also provide clues about potential multiple mutants
that could be generated for further investigations in specific aim #2. For example, expression
patterns using the promoter-GUS fusions indicated a strong overlap of AtCSLA1, -2, and -9 in
the early light growth zone of maturation and hypocotyl-root axis (Table 9). A triple mutant
of the three genes may have an alteration in phenotype and/or mannan deposition in that
region. In day one of dark growth, AtCSLA3, -9, and -11 were the only promoter-GUS
fusions with detectable expression in the embryonic roots (Table 15), indicating that a
csla3/9/11 triple mutant may yield some deficits in this region. The AtCSLA11 promoterGUS fusions had a unique expression pattern in the root apical meristem (Tables 9-14, 19)
that may provide an interesting focal region in a csla11 mutant. In two-week-old plants,
AtCSLA3 and AtCSLA9 seemed to be the only promoter-GUS fusions with detectable
expression in the protoderm and ground meristem in the primary and lateral roots (Table 20)
highlighting a possible focal point for a csla3/9 double mutant. The expression patterns of
the CSLA promoter-GUS fusions at four weeks and seven weeks were largely overlapping,
making it difficult to identify a double or triple mutant combination. Exploring cell by cell
expression patterns in the promoter-GUS plants by sectioning of tissues or a more in-depth
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microscopic analysis than what was conducted in our study would be one way to possibly
identify additional potential mutant combinations.

II. Immunolocalization of Mannan Carbohydrates in AtCSLA Mutants
Mannan Abundance and Pattern
In the csla2 and csla7 mutant stems that were visualized using mannan-specific
antibodies and a fluorescently conjugated secondary antibody, there appeared to be a lower
signal throughout the stems, suggesting that there is possible deficiency of mannan
production in the stems of the csla2 and csal7 mutants. In the study conducted by Goubet et
al. (2003), homozygous lines of csla7 (stock identifier: SGT4425) mutants arrested during
embryogenesis. This finding contradicts initial investigations in the Liepman Laboratory
using a different csla7 (stock identifier: FLAG_144B01) mutant, where the phenotype on soil
appears normal. There are many possible reasons for this discrepancy. Further experiments
need to be conducted to investigate the validity of the FLAG line used in our study. For
example, it is possible that there is transcription occurring despite the T-DNA insertion
present in the mutant line used in our investigation and an RT-PCR investigation is required
to confirm this possibility.
Goubet et al. (2009) investigated glucomannan stem content in different csla2 mutant
lines and a detectable difference in signal between the individual mutants and wild-type was
not observed, but differences were detected in mannan content in the csla2/9 mutants relative
to wild-type. Although this observation does not directly correlate with the findings in our
study, it does suggest the possibility that the lower signal observed in our study could be a
result of csla2 mutation altering the deposition of mannans in the stems. It is also worth
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noting that the mannan-specific antibodies used in our study were different from those used
in the Goubet et al. (2009) study, where differences in binding specificity could mean that the
structure of the mannans detected could differ. The possibility that AtCSLA7 plays a role in
stem glucomannan deposition could explain the lower signal detected in csla7 mutants that
were observed in this study. In the examinations of the csla2 and csla7 mutants, however,
more replicates are needed to make definitive conclusions about their roles in mannan
deposition and abundance.

Future Directions using Immunolocalization
The combination of fixative, pectate lyase, and slide wells as alterations to standard
immunolocalization protocols, have improved the approach for future investigations in the
Liepman Laboratory using juvenile tissues. This method has not been demonstrated to be
successful in any of the attempts with more rigid tissue such as mature stems. The data
obtained in our study largely supports the functional redundancy hypothesis. The generation
of the expression database in specific aim #1 will be a useful guide to pinpointing focal
regions of interest. These focal areas will suggest mutant combinations that may not have
been previously explored and provide locations to look for possible phenotypic alterations.
This will allow the use of immunolocalization strategies to further our understanding of the
relationships of CSLA genes to the patterning and abundance of mannan polysaccharides.
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Appendix A:
Media Composition
½ salt LB media: 1% (w/v) Tryptone, 0.5% (w/v) Yeast Extract, 0.5% (w/v) NaCl, pH 7.0
Murashige and Skoog (MS) media: 3% Sucrose (w/v), 4.33 g Murashige & Skoog Basal
Salt Mixture (1 Packet – PhytoTechnology Laboratories), 0.5% (w/v) PhytoAgar, pH 5.8
Assay buffer: 0.01M sodium phosphate buffer (pH 7), 2mM potassium ferrocyanide, 2mM
potassium ferricyanide, 0.2% Triton X-100
GUS assay buffer: 0.01M sodium phosphate buffer (pH 7), 2mM potassium ferrocyanide,
2mM potassium ferricyanide, 0.2% Triton X-100, 2.4 mM X-Gluc
FAA: 50% EtOH, 10% glacial acetic acid, 5% formaldehyde
Hoyer’s medium: 15 g of gum arabic in 25 ml of H2O, Heat to 60°C, stir overnight, add 100
g of chloral hydrate. After the chloral hydrate has dissolved, add 10 g of glycerol, centrifuge
30 minutes at 10,000g, filter through glass wool (Cold Spring Harbor Protocols,
http://cshprotocols.cshlp.org/content/2011/4/pdb.rec12429.full)
Chen and Baldwin Fixative: 4% (v/v) formaldehyde, 1% (v/v) EM quality glutaraldehyde,
0.1% (v/v) Triton X-100, 2mM CaCl2, 1% (w/v) sucrose in 50 ml 1X PBS, pH 7.2
10X PBS: 8% (w/v) NaCl, 0.2% (w/v) KCl, 200mM Sodium Phosphate Dibasic, 0.2%
Potassium Phosphate Monobasic, pH 7.2
Steedman’s wax: 90% PEG, 10% 1-hexadecanol (heat at 65°C with stirring for 3 hours, in
dark)
Pectate lyase cocktail: 50mM CAPS-NaOH, pH 10, 2mM CaCl2, 10µg/ml pectate lyase
(Megazyme, E-PL4CJ)
Primary antibody cocktail: 10% LM21 (anti-mannan), 10% LM22 (anti-mannan), 80% 1X
PBS-milk (5% (w/v) non-fat dry milk)
Secondary antibody cocktail: 99.995% 1X PBS-milk (5% (w/v) non-fat dry milk), 0.005%
α-rat AF488 (IgM)

204

Appendix B:
Primer sequences used for amplification and cloning of CSLA promoters
Primer Name
AtCslA1GUS1
AtCslA1GUS2
AtCSLA2GUS1
AtCSLA2GUS2
AtCSLA3GUS1
AtCSLA3GUS2
AtCSLA7GUS1
AtCSLA7GUS2
AtCSLA9GUS1
AtCSLA9GUS2
AtCSLA10GUS1
AtCSLA10GUS2

Primer Sequence
5’-CAC CAA GCT TAA GCA CAA GAA TCT CGA AAC
CCA G-3’
5’-CCA TGG GCT TCAGAA ATA GAG ACA TTG TTG C-3’

Comments
Forward primer for cloning AtCSLA1
promoter plus first several amino acids
Reverse primer for cloning AtCSLA1
promoter plus first several amino acids
5’-CAC CTG CAG TCT GCA CTC ATG CAT GTT ATG-3’
Forward primer for cloning AtCSLA2
promoter plus first several amino acids
5’-CCA TGG ATA CAC CGT CCA TTT TTC CTT CTC TCT Reverse primer for cloning AtCSLA2
TC-3’
promoter plus first several amino acids
5’-CAC CTG CAG GTG ATG TTC AAA GTG TTG TTG TAG Forward primer for cloning AtCSLA3
TG-3’
promoter plus first several amino acids
5’-CCA TGG ACT TCA AAA ATG GTG ACA TTT TTC TCC Reverse primer for cloning AtCSLA3
ACA G-3’
promoter plus first several amino acids
5’-CTG CAG TGT TAC TTT AAT ACT TAA GTT GAT GAT Forward primer for cloning AtCSLA7
TAG TTG C-3’
promoter plus first several amino acids
5’-CAC CAT GGA GAT TGG GAG AGG AGA CAT TGA
Reverse primer for cloning AtCSLA7
GAA ATA TTC-3’
promoter plus first several amino acids
5’-GAG CTC GTA TAT GTA ATA GTT AAC TCA CGT TTG Forward primer for cloning AtCSLA9
TC-3’
promoter plus first several amino acids
5’-CAC CAT GGT ATC TCC TAG CTC CAT CTC TTC TTA Reverse primer for cloning AtCSLA9
CTC C-3’
promoter plus first several amino acids
5’-CAC CTG CAG TAC AAT GTA AGT CAC CAC ACA
Forward primer for cloning AtCSLA10
CTG AG-3’
promoter plus first several amino acids
5’-AGA TCT GAC TTC AGA AAC GTA GTC ATT TTC TTT Reverse primer for cloning AtCSLA10
TTG-3’
promoter plus first several amino acids
Appendix B is continued on the next page.
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Appendix B continued.
Primer Name
AtCSLA11GUS1
AtCSLA11GUS2
AtCSLA14GUS1
AtCSLA14GUS2
AtCSLA15GUS1
AtCSLA15GUS2

Primer Sequence
5’-GAA TTC GTA AGA TTG GAC ACA TTT TGG CCC-3’

Comments
Forward primer for cloning AtCSLA11
promoter plus first several amino acids
5’-CAC CAT GGC TCT CCA CCA CAT CGT CTT CAT-3’
Reverse primer for cloning AtCSLA11
promoter plus first several amino acids
5’-GA ATT CGG TAT ACC ACG AAT CCA TGA GAT AAT Forward primer for cloning AtCSLA14
TG-3’
promoter plus first several amino acids
5’-CAC CAT GGC ATC AGA CAA TGT CGC CAT TAC AG- Reverse primer for cloning AtCSLA14
3’
promoter plus first several amino acids
5’-GA GCT CTA TTT CGT CTT TGT GTT TCA TCA TGG-3’ Forward primer for cloning AtCSLA15
promoter plus first several amino acids
5’-CAC CAT GGG CTT CAG AAG CAA AAA CAT GTC
Reverse primer for cloning AtCSLA15
TTT TC-3’
promoter plus first several amino acids
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Appendix C:
Primers sequences used for confirmation of transgenic plants harboring promoter-GUS
fusions
Primer Name

Primer Sequence

AtCslA1 GUS 1146 For

5’-CCG TCG TAA TCG TAC GTC AC-3’

CSLA2-4F(1281)

5’-GAA TCT CAT AAA GAC ACA AAC AAA
CCA AAT G-3’

CSLA3-4F(1442)

5’-CGA GTA CAA CTG TAA CTT CGA C -3’

CSLA7-822F

5’-GCA TGG TGT AAT CTT ACT ATA TAT
ATA CTA TGT TT-3’

CSLA9 466R

5’- CAC ACA CAC AAC ACT GTG TC-3’

CSLA10 promoter primer
682F

5’-GTT GTT ATC ATT GTC GAC GTT GAC-3’

CSLA11-2097F

5’-AAT TAG GTA TAT GTA AGT AGC ACG
TGG A-3’

AtCslA14GUS 631 For

5’-GAG AGG ACC CAT CTT ACT CGC-3’

CSLA15pro377R

5’-CGA ACA AAG TCG TGT GTG TGT GGC3’

pCAMBIA1305 GUS 1770
Rev

5’-GGT CAG CTT GCT TTC GTA CCA C-3’

Comments
Forward primer
for AtCSLA1
promoter-GUS
fusion
Forward primer
for AtCSLA2
promoter-GUS
fusion
Forward Primer
for AtCSLA3
promoter-GUS
fusion
Forward primer
for AtCSLA7
promoter-GUS
fusion
Forward primer
for AtCSLA9
promoter-GUS
fusion
Forward primer
for AtCSLA10
promoter-GUS
fusion
Forward primer
for AtCSLA11
promoter-GUS
fusion
Forward primer
for AtCSLA14
promoter-GUS
fusion
Forward primer
for AtCSLA15
promoter-GUS
fusion
Reverse primer
for all GUSpromoter fusions
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Appendix D:
GUS staining assay 37°C incubation periods
Gene

1-5 Day
Dark
0.5 hour

1-7 Day
Light
0.5 hour

2 Week Old

4 Week Old

7 Week Old

AtCSLA1

Mature
Embryos
1 hour

1 hour

1 hour

18 hours

AtCSLA2

1 hour

0.5 hour

0.5 hour

1 hour

1 hour

18 hours

AtCSLA3

1 hour

1 hour

1 hour

1 hour

2 hours

18 hours

AtCSLA7

1 hour

0.5 hour

0.5 hour

1 hour

1 hour

18 hours

AtCSLA9

1 hour

0.25 hour

0.25 hour

1 hour

1 hour

18 hours

AtCSLA10

1 hour

0.5 hour

0.5 hour

1 hour

1 hour

18 hours

AtCSLA11

1 hour

1 hour

1 hour

1 hour

2 hours

18 hours

AtCSLA14

1 hour

0.5 hour

0.5 hour

1 hour

2 hours

18 hours

AtCSLA15

1 hour

0.5 hour

0.5 hour

1 hour

2 hours

18 hours
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Appendix E:
Primers sequences and annealing temperatures used to confirm T-DNA insertions
Primer

Primer Sequence

A2 SALK_075579 LP
A2 SALK_075579 RP
A2 FLAG_308D09 LP
A2 FLAG_308D09 RP
A3 SALK_015497 LP
A3 SALK_015497 RP
A3 FLAG_309C08 LP
A3 FLAG_309C08 RP
A7 FLAG_144B01 LP
A7 FLAG_144B01 RP
A9 FLAG_443H10 LP
A9 FLAG_443H10 RP
A9 SALK_111096 LP
A9 SALK_111096 RP
A15 FLAG_574C10 LP
A15 FLAG_574C10 RP
LbA1

5’-CCT ATT ACT GAT CTG GCG CAG-3’
5’-CAA CAA CTG AAT CAC AAA TCC C-3’
5’-CCC CTT TTC TTT CTT ACC CAC-3’
5’-AAG CCT CCA TTT TTC TCA AGG-3’
5’-CAG ATG GGG TTG TGA GAA GTG-3’
5’-AAG CTG CGA TTC TCC ATA CAC-3’
5’-TGG AAG CAG ACA AGA ATC TTT G-3’
5’-ATC TTT CCA TCC TCC AGC TTC-3’
5’-TGC AAA ATC CAA GAT TCC AAG-3’
5’GCT ACC CTA TGG TTC TTG TGC-3’
5’-CCA AAA TTA AAC AAG ATG AAA TTT AGG-3’
5’-CGA GGT ACA AGA ATT TCC AAC C-3’
5’-TTG TTA GAA CAT GTT TTG AAC CG-3’
5’-CGA AAT CAA ATT GAA AAA GCG-3’
5’-TTT GTT TGG CTC ATC CTT AGC-3’
5’-ATC AGA AGT TCA TAA CAC ATG ACT G-3’
5’-TGG TTC ACG TAG TGG GCC ATC G-3’

Annealing
Temperature
°C
55.2
52.4
53.4
53.2
55.6
55.1
53.2
54.5
51.5
55.6
50.2
53.7
52.0
48.5
53.4
53.1
55.0

5’-ATT TTG CCG ATT TCG GAA C-3’

51.5

5’-CGT GTG CCA GGT GCC CAC GGA ATA GT-3’

66.5

LbB1.3
LB4

Comments

Lab Ref: AtCslA2KO3
Lab Ref: AtCslA2KO4
Lab Ref: AtCslA2KO7
Lab Ref: AtCslA2KO8
Lab Ref: AtCslA3KO1
Lab Ref: AtCslA3KO2
Lab Ref: AtCslA3KO3
Lab Ref: AtCslA3KO4
Lab Ref: AtCslA7KO1
Lab Ref: AtCslA7KO2
Lab Ref: AtCslA9KO5
Lab Ref: AtCslA9KO6
Lab Ref: AtCslA9KO3
Lab Ref: AtCslA9KO4
Lab Ref: AtCslA15KO1
Lab Ref: AtCslA15KO2
SALK TAG Primer (All
SALK reactions)
SALK TAG Primer (A9
reaction only)
FLAG TAG Primer (All
FLAG reactions)
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